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ABSTRACT 
The Paleoecology of Late Cretaceous methane cold-seeps of the Pierre Shale, South Dakota 
By 
Kimberly Cynthia Handle 
 
Adviser: Neil H. Landman 
 
 Most investigations of ancient methane seeps focus on either the geologic or 
paleontological aspects of these extreme environments.  In contrast, this thesis encompasses both 
disciplines to evaluate the paleoecology of these systems with greater detail than previously 
published either within the Western Interior Basin or elsewhere.  This thesis addresses the 
following questions: 1) Are the changes in mineralogy of a seep discernable and predictable as a 
seep shifts from a clay-based environment to a carbonate-based environment?  2) What are the 
foundation organism(s) of Late Cretaceous methane cold-seeps?  3) Is there a correlation to the 
mineralogic changes and shifts in community structure? 4) What is the mediating factor of these 
shifts? and 5) Are there any spatial trends in seep formation and persistence? 
 To help resolve these queries, seep cement material and fossils were collected from 25 
locations from the Baculites scotti – Didymoceras nebrascense, Didymoceras cheyennense, and 
Baculites compressus zones spanning 
~
2 million years in the Campanian of the Pierre Shale in 
South Dakota.  The mineralogy of cements was determined through microprobe and electron 
dispersive spectroscopy. These data was spatially analyzed and suggest that there is a potential 
shift in mineralogy due to relative fluid flow rates over space and time: Baculites scotti – 
Didymoceras nebrascense Zone was of consistent moderate flow rates, Didymoceras 
cheyennense Zone was dominated by low fluid flow rates, and Baculites compressus Zone 
contained an unusually large number of high fluid flow seep assemblages compared to other 
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biostratigraphic zones.  Over 8000 individual organisms were counted and identified to the genus 
or species level (where possible) and these data were then processed with a series of diversity 
indices. A faunal pattern was found and shows that the foundation organisms, baculites, 
inoceramids, and lucinids, always dominate these seep assemblages, unlike the foundation 
organisms in modern methane cold-seep analogs.  These fossil data were then paired up with 
each location’s mineral data and a correlation was found between shifts in mineralogy and basic 
seep structure (general flow rate) and shifts in faunal compositions. Furthermore, specific fauna 
patterns and flow rates may indicate changes in oxygen or food availability. However, Akaike 
modeling techniques implemented found that the shifts in community composition within the 
cold-seeps of the Pierre Shale of South Dakota are most likely a reflection of sulfur availability 
according to the data. 
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 CHAPTER 1: INTRODUCTION AND STATEMENT OF PURPOSE 
  
1.1 Terminology 
 Much as the term ‘stage of maturity’ had to be removed from the jargon in my discussion 
of ancient seeps, terminology within modern and ancient ecology is also loaded and can be 
misconstrued by the reader.  Therefore, I have compiled this subsection to Chapter 1 to clarify 
and officially define the terms that will come up within the text repeatedly.  
 The main conduits in seep deposits are commonly referred to as core (s) and/or pipes; 
often the term pipe is used to discuss a secondary pipe off the main core (Howe, 1987; Kauffman 
et al., 1996).  Within this thesis I have decided to primarily use the term conduit, rarely referring 
to it as core.  To clarify further, the term conduit is the main, central area of methane emission, 
any other pipe system is either referred to as a secondary conduit or secondary pipe.   
 Secondary conduits and/or pipes are considered smaller, later occurring conduits, either 
attached or not to the main conduit usually forming as a result of uneven flow, shut off/on or 
expulsion events, or deflection from main conduits due to the buildup of carbonate pavements. 
 Carbonate pavements or carbonate caps herein refer to the carbonate precipitated out 
of pore water through the anaerobic oxidation of methane and reduction of sulfate through 
microbial processes which shift a clay-based substratum to a hard ground.  This term is to 
replace the term carbonate mound or ‘classic carbonate mound’ which often implies a particular 
structure rather than specific material. Herein, a carbonate mound and refers to the entirety of 
the structure of a seep, the general conical shape and structure, and not limited to the carbonate 
material itself.  A seep field is the entirety of a series of carbonate mounds or a series of seeps.  
Carbonate cements are referred to periodically.  This term refers to the carbonate ‘glue’ of the 
pavement or cap.  Clay- dominated cements refers to the more compact clay nodules and 
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interlocking shale layers which often contain micrite and are in close proximity to the conduit.  
Herein, the term clay-dominated cement refers to the poorly lithified, micrite-rich clays in the 
immediate proximity of the core.   
 Within this investigation, foundation organisms are considered initial inhabiting macro-
organisms which dominate a seep.  Secondary inhabitants and or secondary organisms are 
macro-organisms other than foundation organisms. Keystone organisms are opportunistic fauna 
that alter the physical structure and subsequent faunal community. Obligate taxa live 
exclusively at seeps. The term endemic can mean either exclusively found in a particular niche, 
setting or area.  However, it can also be considered to imply that the organism is found all over a 
region, and therefore is avoided altogether. 
 
1.2.1. OBJECTIVES 
 When this project was conceived the two main objectives included: 1) utilizing the 
mineralogy and general seep structure of Pierre Shale cold-seeps to establish a more detailed 
seep ‘stage of maturity’ (general term used early in investigations to differentiate between early 
and late stages, clay-based versus carbonate-based substratum ecosystems) and 2) to compare 
these findings to the biota to determine if there is a correlation between the ecology of a seep and 
the ‘stage of maturity’ (relative duration of emission of a seep).  To understand stage of maturity 
of ancient seeps we catalogued the general size and structure of several seep mounds, analyzed 
the mineralogy of seep carbonates and assembled a detailed inventory of the organisms 
preserved.  
 Long discussions in the field and the lab led to the eradication of the term ‘stage of 
maturity’ as it implies that all seeps start and end in the same fashion, growing in size and 
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establishing a predictable community of organisms, all with little concern to fluid flow rate, fluid 
availability, and other influencing local factors (to be discussed in later chapters).  However, to 
assume that all seeps will have the potential to progress through a single and predictable lineage 
of events is naïve.  Therefore, we have abandoned the term altogether except where directly 
discussing the literature which uses this term.  However, the main objectives remain the same 
and answer the following questions:  
 1) How does the mineralogy shift as a seep changes from a clay-based environment to a 
 carbonate-based environment?   
 2) How do these changes in mineralogy reflect fluid flow rate?   
 3) What are the foundation organism(s) of Late Cretaceous methane cold-seeps?   
 4) Is there a correlation between the mineralogic changes in seeps and shifts in 
community structure?  
 5) Are there any spatial or time trends in seep formation and persistence? 
 
 These questions will be or are already being addressed in peer-reviewed papers, each of 
which forms a subsection within chapter 5 of this thesis.  Therefore, each subsection of chapter 5 
represents essentially unmodified versions of a peer-reviewed paper. 
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1.3. CHAPTERS 
1.3.1. Chapter 2 
 Chapter 2 is entitled Geologic Background and gives a brief account of the geologic 
history of the Western Interior Seaway during the Cretaceous and also addresses the numerous 
publications and works by Cobban in establishing the world’s most refined biozonation system. 
 
1.3.2. Chapter 3 
 Chapter 3 is entitled Methods and details the repository information, collection 
techniques and protocols in addition to laboratory preparations, instrumentation and data analysis 
used in processing the data collected.  
 
1.3.3. Chapter 4 
 Chapter 4 is entitled Results and contains all results for the methodology explained in 
chapter 3.  This chapter contains 5 sections as follows: (4.1) Structure and Basic Lithology, (4.2) 
Mineralogy, (4.3) Mineralogy by biozone, (4.4) Mineralogic spatial patterns, (4.5) Faunal 
Composition and Diversity Analysis, and (4.6) Akaike Modeling.  
 
1.3.4. Chapter 5 
 Chapter 5 is entitled Structure and Mineralogy and is broken down into 3 main sections: 
(5.1) Structure and basic lithology, (5.2) Seep Mineralogy, and (5.3) Spatial Patterns in Seep 
Types. The sections in which the chapter is broken into either are or are intended to formulate the 
main concepts and discussion of peer-reviewed papers in an unmodified format.   
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1.3.5. Chapter 6 
Chapter 6 is entitled Faunal Composition and Stages, and is broken down as follows: (6.1) 
Faunal Composition, and (6.2) Akaike Modeling: Null Hypothesis Testing, (6.3) Simplicity and 
Parsimony, and (6.4) Sulfur and cold-seep faunal succession. The sections in which the chapter 
is broken into either are or are intended to formulate the main concepts and discussion of peer-
reviewed papers in an unmodified format.   
 
1.3.6 Chapter 7 
 Chapter 7, entitled Conclusions, brings together all the major thoughts and findings of the 
research conducted in this thesis investigation. 
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1.4. OVERVIEW OF MODERN SEEPS 
 Since their discovery, hydrocarbon seeps (Paull et al., 1984) and hydrothermal vents 
(Lonsdale, 1977; Corliss et al. 1979) are known to be common in both continental margins and 
ocean spreading centers worldwide (Fig. 1).  Hydrothermal vents are igneous rock-hosted, 
chimney-like structures often affiliated with sulfur deposits. ‘Classic’ cold-seeps are comprised 
of δ13C depleted carbonate pavements which form at the sediment-water interface through 
anaerobic oxidation of methane.  These settings exude methane and hydrogen sulfide that serve 
as a primary food source for chemosynthetic ecosystems.   
         In its initial stages, a modern seep contains clear conduits where fluids rise to the 
sediment surface resulting in relatively high concentrations of reduced chemicals at the seafloor 
(Roberts, 2001; Cordes et al., 2010).  Periodic gas and fluid expulsion often results in unstable 
sedimentary substrata (Roberts, 2001; Cordes et al., 2010).  However, as the seep fluids persist, 
carbonate byproduct precipitates out of pore waters as a result of anaerobic oxidation of methane 
and begins to stabilize the substratum (Cordes et al., 2010). Within mud volcanoes of the eastern 
Mediterranean, it was found that sulfate gradients are the main control on the precipitation of 
aragonite versus that of magnesium carbonate (Aloisi et al., 2000).  However, due to the duration 
of methane emission and fluid flow rate, not all seep deposits exhibit the same lithology, 
mineralogy, fauna, or community assemblages.  Recently, ancient methane cold-seeps and vents  
have been recognized in the rock record often with differing structures, mineralogies and faunal 
compositions like their modern counterparts.  
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Figure 1: Worldwide distribution of known modern and ancient hydrothermal vents and methane cold seeps from 
Campbell (2006). 
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1.5. OVERVIEW OF ANCIENT SEEPS 
1.5.1. Seep Structure, lithology, and mineralogy 
         Beauchamp et al. (1989a, 1989b) first reported on the basic community structure and 
petrology of Cretaceous carbonate mounds in the Ellef Ringnes and Prince Patrick Islands, in the 
Canadian Arctic.  The carbonate lithology and presence or absence of Beggiatoa microbial mats 
were the main focus in establishing early and late stages of maturity in the seeps of the Canadian 
Arctic; the early stage of mound development contains micrite and the later stage mounds 
contain yellow carbonate and mat structures (Baeuchamp and Savard, 1992).  Similarly, 
Peckmann et al. (2002) conducted a detailed geochemical and petrographic analysis of ancient 
seeps of the Oligocene in the Lincoln Creek Formation of Washington State and found that there 
were stages of mineralogic succession dividing carbonate formation into two groups: 1) 
microspar and 2) aragonite post-dating micrite formation and, more importantly, that the 
formation of yellow and brown carbonate and carbonate spar occurred post-burial.   
          Campbell et al. (2002) described a series of early and late stage mineral characteristics of 
Late Jurassic to Late Cretaceous seeps in western California. The first early stage is 
characterized by Fe-rich detrital micrite, a second early stage is evidenced by non-luminescent 
fibrous cements depleted in δ13C with elevated δ18O, also containing petroleum inclusions, 
marine borings, but lacking pyrite.  All early stages are preserved as clotted, non-detrital micrites 
in a reduced environment.  Final late stage phases are indicated by pore-associated Mn-rich 
cements (Campbell et al., 2002). Both Peckmann et al. (2002) and Campbell et al. (2002) 
attributed the formation of carbonates to methanogenesis and the shifting conditions of the 
sulfate and hydrocarbon-rich fluids.  Similarly, analysis of Cretaceous seeps in the Arctic by 
Beauchamp and Savard (1992) suggested that the formation of both aragonite and calcite in a 
 9 
 
calcite sea mode (a calcite sea is one in which low-magnesium calcite is the primary inorganic 
marine calcium carbonate precipitate rather than aragonite; Berner, 1975) was due to fluctuations 
in hydrocarbon and sulfate availability.  
One of the first publications to recognize the unique deposits of ancient methane seeps in 
the Western Interior Seaway was produced by Gilbert and Gulliver (1895) on the Tepee Buttes 
of Colorado. Gilbert and Gulliver (1895) found that the conical mounds of the Pierre Shale 
closely resemble the temporary dwellings of Native Americans and were subsequently named 
Tepee Buttes (Fig. 2; home.earthlink.net). Four simple explanations for the formation of these 
conical structures laden with fossils were covered in Gilbert and Gulliver (1895): 1) concretion 
hypothesis, 2) bivalve colony hypothesis, 3) submarine spring hypothesis and 4) the poison 
hypothesis.  Though the submarine spring hypothesis was favored for many years, it is the fourth 
hypothesis which fits best since the discovery of the modern counterparts of these extreme 
environments. In their poison hypothesis, Gilbert and Gulliver (1895) suggested that a toxic fluid 
was escaping the sediment supporting some life, such as lucinids, and killing off other organisms 
such as ammonites. 
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Figure 2: Tepee Buttes, Colorado (home.earthlink.net) 
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The ancient methane cold-seeps of the Pierre Shale are low lying, often conical, hills 
ranging in heights from approximately <1 to  40 m and ranging from 4 to 70 m in width (Howe, 
1987; Kauffman et al., 1996; Bishop and Williams, 2000; Landman et al., 2012b).  The 
sedimentological, geochemical and biological data from the work of Kauffman (1961) and 
Arthur et al. (1982) strongly support the idea that the Tepee Buttes were formed in a methane-
enriched environment.  Later investigations by Kauffman et al. (1996) and Landman et al. (2012) 
confirmed that the carbonate and shell material from select fossils within both the buttes of 
Colorado and seeps of South Dakota were extremely depleted in 
13
C and formed in methane rich 
fluids.  
Several early investigations suggested that the buttes were formed by hydrothermal 
processes (Kauffman, 1961; Arthur et al., 1982; Howe, 1987; Kauffman et al., 1996).  However, 
Dahl et al. (2005) identified three distinct lithologic and taphonomic facies in exposures in which 
re-worked clam beds suggest that these facies were formed at the sediment-water interface rather 
than as a chimney structure.  They concluded that the buttes were not formed by hydrothermal 
processes but rather by a cold-seep. δ18O analysis of ammonite nacre from cold seeps in South 
Dakota from this same period show that the water temperature at the seeps was approximately 
the same as surrounding age-equivalent non-seep environments confirming that these ancient 
structures were cold-seeps (Landman et al., 2012b). 
         In contrast to the three lithofacies described by Dahl et al. (2005), the petrologic 
investigations of tepee butte carbonates from Colorado by Anderson et al. (2005) revealed six 
lithofacies moving outward from the central seep conduit: 1) vuggy intrapelsparite with complex 
cements and articulated and disarticulated lucinids, 2) dense lucinid coquinas in vuggy 
intrapelsparite; 3) lucinids in micrite, 4) limestone concretions, 5) micrite without lucinids, and 6) 
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vuggy peloidal intraclastic microbialite.  The buttes were also described as occasionally 
containing secondary conduits extending out and away from the main conduit forming small 
incipient buttes (Howe, 1987).  Howe (1987) concluded that the presence of secondary conduits 
suggests that methane output was not constant but sporadic, with temporary shut offs and/or 
shifting of vents throughout their duration.   
 Howe (1987) found that most main conduits of the Tepee Buttes, Colorado, centrally 
consist of non-fossiliferous, vuggy limestone surrounded by lucinid coquinas and brecciated 
limestone flanks containing additional, highly diverse, marine faunas intertongued with 
surrounding shale.  The buttes were also described as occasionally containing secondary pipes 
extending out and away from the main core forming small incipient buttes.  Howe (1987) 
concluded that the nature and distribution of the facies and particularly the presense of secondary 
conduits suggest that methane output was non-consistent indicating pulse events, temporary shut 
off and/or shifting of vents throughout their duration.  Despite these intensive investigations into 
lithofacies of the Tepee Buttes and related formations of the Western Interior, a general guide to 
early and late stage mineralogies has yet to be established for ancient seeps found within shallow 
epicontinental seaways .   
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Figure 3: Detail of a figure of composite map detailing the lithofacies and biofacies of a cold seep from the Tepee 
Buttes, Colorado from Kauffman et al. (1996). 
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1.5.2. Faunal Composition 
Ancient vent-seep environments are ubiquitous in the rock record confirming that these 
extreme environments have been diverse and varying in both their geologic setting and faunal 
composition for more than 3 billion years of Earth’s history.  Precambrian vents were populated 
with microbes, with the oldest metazoans from vent settings reported possibly as early as 
Cambrian, but definitely as early as the Silurian (Campbell, 2006).   
Within both modern and ancient seeps, the base of the chemosynthetic food chain is 
supported by free-living and symbiotic prokaryotes, which oxidize methane-rich and/or reduce 
sulfate-rich fluids to produce the biomass necessary to support the seep associated megafauna 
(Van Dover, 2000).  Typical taxa within ancient seep biomes include vestimentiferan and 
frenulate tubeworms, solymyid, vesicomyid, lucinid, thyasirid and bathymodiolin bivalves, 
distinctive chemosymbiotic and grazing gastropods, ammonites, crabs, and crinoids (Lutz and 
Kennish, 1993; Campbell and Bottjer, 1995, Kauffman et al., 1996; Sibuet and Olu, 1998; Rouse, 
2001; Landman et al. 2012; Landman and Klofak, 2012).  Though some of the fauna found 
within ancient seeps are extant (e.g. certain bivalves, such as lucinids, and certain gastropods), 
there are numerous organisms found within the fossil assemblages, now extinct, whose presence 
drives questions about the individual species behavior and life habits, ecological structure and 
whether these methanogenic systems served as oases or nurseries for some species, particularly 
of ammonites.  
Several researchers have described the distributional patterns of fossil organisms within 
and/or around methane seep deposits (Beauchamp and Savard, 1992; Kauffman et al., 1996; 
Campbell et al., 2002; Peckmann et al., 2002; Campbell, 2006; Landman et al., 2012b; Jenkins et 
al., 2007).  The distribution of fauna at ancient methane-seeps at Yasukawa, Japan, roughly 
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corresponds to observations of modern seep faunal distributions in that the site yields moderately 
rich assemblages that are dominated by bivalves and gastropods (Jenkins et al., 2007).  Further, 
Jenkins et al. (2007) found a small disparity among faunal compositions, mineralogy, and 
height/width of methane seep assemblages between multiple sites which they suggested was a 
result of the longevity of the methane seep or the strength of fluid discharge. 
Investigations into faunal assemblages and the diversity and possible evolution of 
organisms living at methane seeps in the Western Interior are limited.  Howe (1987) found that 
the Tepee Butte assemblages of Colorado, compared to the surrounding shale, are exceptionally 
diverse, unlike modern seep biomes.  The Tepee Butte community is described as containing a 
greater abundance of species which are larger and contain a greater amount of biomass than 
organisms found in non-seep areas of the Pierre Shale (Howe, 1987; Kauffman et al., 1996).  The 
buttes contained exceptionally diverse mollusk species (N = 30 species) and microfaunas (N = 
43 foraminifera and 6 radiolarian species; Howe, 1987).  
Faunal analysis of 1 m bulk samples taken from quadrants along the long and short axes 
of four Tepee Buttes deposits between Colorado Springs and Pueblo, Colorado, suggests a strong 
environmental stress gradient (Howe and Kauffman, 1985).  Kauffman et al. (1996) 
characterized the community as 1) containing long anastomosing worm tubes with pyritic walls, 
2) surrounded by a monospecific, low diversity lucinid- dominated community in which shells 
are in life position  (these areas in a butte assemblage are assumed to be H2S-rich given the 
chemosymbiotic nature of lucinids) further surrounded by, 3) a diverse, mollusk-dominated 
community along topographically extended flanks (down current environment characterized as 
well oxygenated compared to that of the dysoxic Pierre Shale sea floor) associated with 
bioturbation, and surrounded by 4) a depauperate inequitable community dominated by 
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inoceramids (indicating elevated oxygen levels). Additional seep environments include bacteria-
dominated stromatolites and tube worms down slope from the heart of the assemblage and the 
adjacent dysaerobic seafloor communities which are sparse with extremely low diversity. 
Kiel et al. (2012) found that the methane-seep taxa represented in their investigation of 
the Cenomanian Tropic Shale (e.g. inoceramids, lucinids and gastropods) did not support earlier 
theories that pre-adaptations were acquired in these shallow-water methane seep environments,  
and later appeared in deep-sea hydrothermal vents and seeps.  Additional organisms mentioned 
by Kiel et al. (2012) include solemyid and arcoid bivalves, an opisthobranch gastropod, serpulid 
tubes and undescribed ammonites which were not included in their analysis. 
 Beyond these investigations into faunal communities, other investigations have focused 
on organism behavior, habitat, and faunal distribution at a seep.  No publications have identified 
the foundation and keystone organisms of seeps or the faunal succession throughout the stages of 
maturity of ancient seeps.  
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CHAPTER 2: GEOLOGIC BACKGROUND 
 
 
         The Western Interior Basin formed simultaneously with the proto-Cordillera as different 
expressions of the same set of tectonic events of western North America during the Late Jurassic 
to Early Cretaceous and Eocene (Kauffman and Caldwell, 1993). The broad trough incorporates 
the axis of the foreland basin, frequently referred to as the “axial basin”, and is characterized by 
moderate levels of fine-grained sedimentation and episodic, rapid and strong subsidence. The 
subsidence of the basin was mainly due to 1) isostatic adjustment to tectonic loading in a fold 
and thrust belt to the west, and 2) sedimentary loading in the basin itself predominantly from the 
western margin, modified by the subducting Fallaron plate that underlay both the basin and 
orogen (Kauffman and Caldwell, 1993).   
 The Western Interior Cretaceous Basin is asymmetrical in regard to subsidence, 
sedimentary thickness and paleobathymetry (Fig. 4; Kauffman, 1984).  The size and shape of the 
basin is considered to have changed in response to tectonoeustatic, tectonic and sedimentologic 
processes and/or sediment loading (Kauffman and Caldwell, 1993; Metz, 2010). The Western 
Interior Seaway is divided into five tectono-sedimentologic ‘provinces’ by a west-east transect 
(Fig. 4; Kauffmann, 1984): 1) the tectonically generated western foreland basin, 2) the forebulge 
zone, 3) the axial basin, 4) an east-central, temporarily shifting, tectonic hinge zone, and 5) a 
stable shallow eastern platform zone. 
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Figure 4: Generalized structural and stratigraphic cross-section through the Western Interior Basin (Kauffman, 1984) 
modeled after a peak transgressive phase and eustatic highstand, showing the major structural divisions of the basin, 
sediment thickness and facies characteristic of each division and relative bathymetry.  Position, direction and size 
arrows indicate relative thrusting, subsidence and uplift at the western margin and within the basin during periods of 
eustatic rise. 
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Throughout most of the Late Cretaceous the North American continent housed a broad, 
north-south trending epicontinental seaway (Fig. 5, Kauffman, 1984).  At maximum 
development the seaway stretched ~1600 km and spanned ~700 km in width extending from the 
Arctic Ocean south to the Gulf of Mexico (Kauffman and Caldwell, 1993). The original timing 
of flooding of the Western Interior Seaway began from the north in the Barremian and Aptian 
Stages; however, the connection between the Circum-Boreal Seaway and the proto-Gulf of 
Mexico did not exist prior to the Late Albian (Kaufmann, 1984; Kauffman and Caldwell, 1993).  
After a short separation of the seas in the Late Albian the two arms of the seaway joined again in 
the earliest Cenomanian and remained connected for approximately 36 million years and finally 
draining for the last time in the Late Maastrichtian (Kauffman, 1984).    
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Figure 5: Generalized maps showing the extent of the Western Interior Seaway during the Cretaceous through major 
third-order fluctuations from the Albian through the Early Maastrichtian (as modified by Kauffman, 1984). 
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During the latest Albian to Late Maastrichtian times there were five major third-order 
transgressive-regressive cycles and numerous fourth-order transgressive-regressive cycles which 
altered the the shape, bathymetry, and sedimentological pattern of the basin (Kauffman, 1969, 
1977, 1984).  All of the third-order and some of the fourth-order events can be linked to global 
tectono-eustatic sea-level changes (Kauffman, 1969, 1977; Hancock and Kauffman, 1979).  Peak 
rises were recorded in the middle Late Albian, the middle Late Turonian, the Lower 
Conciancian-Late Santonian, the late Early Campanian (Clagget Cycle), and the middle Late 
Campanian (Bearpaw Cycle; Kauffman, 1977).  The fourth-order cycles are thought to be related 
to smaller sea level changes and are expressed as smaller regional standline fluctuations, 
progradational events and/or regional disconformities (Kauffman, 1984).  Sea level fluctuations, 
coupled with tectonic modification of the foreland basin, were the principal controlling factors 
on climate and biogeographic distributions within the Western Interior Seaway (Kauffman, 
1984). The Pierre Shale accumulated in the subsiding foreland basin during the Late Campanian.  
Different provinces of the Western Interior vary in thickness and contain varying 
diversity in sequences.  The deep, west-central, axial basin, which contains the Tepee Buttes, is 
the thickest sequence and most diverse in fauna (McGookey et al., 1972).  The methane cold-
seeps of southwestern South Dakota fall within the tectonic hinge zone and are characterized by 
extensive facies change and a rapid eastward thinning of dominantly fine-grained marine 
sedimentary sequences (McGookey et al., 1972; Kauffman, 1984).  
Analyses of oxygen and carbon isotopes have shown unusually negative values for both 
δ13C and δ18O in the Western Interior Tepee Buttes as compared to modern analogs (Kauffman, 
1984).  Negative δ13C (ranging from -25 to -27, %PDB) and δ18O (ranging from -7 to -11, %PDB) 
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values were reported by Kauffman (1984) via personal communication with M.A. Arthur.  These 
excursions have been considered by some authors, though this is not the general concensus, to 
reflect salinity conditions in that the waters of the Western Interior Seaway are considered to 
have been brackish during most of its history; a widespread brackish cap as a result of freshwater 
runoff (Kauffman, 1984).  A model developed by Wright (1987) suggests denser bottom waters 
which would imply a cross seaway circulation with westerly deeper counter currents.  Density 
conditions and circulation conditions led to widespread stratification of the Western Interior 
waters leaving bottom water most likely periodically anoxic and inhospitable to many organisms 
found in other shallow marine and brackish environments of this time (Wright, 1987).  
The Pierre Shale has been the focus of many paleontological and geochemical 
investigations in relation to marine fossils, occurrence of petroleum, bentonite and other 
profitable mineral and ore deposits.  First described by Meek and Hayden (1862), the Pierre 
Shale lithology is described along the Missouri River in South Dakota by Searight (1937) with 
revisions by Gries (1942) and Crandell (1950, 1958).  The Pierre Shale was formerly considered 
to be a subdivision of the Bearpaw Shale (Bearpaw Formation; Geological Survey of Canada; 
Landman et al., 2010) and was recently elevated to formational status by Martin et al. (2007).   
Ammonite biozonation of the Upper Cretaceous of the Western Interior was first 
summarized by Cobban and Reeside (1952).  It has undergone numerous revisions since 
(Robinson et al., 1959; Scott and Cobban, 1965, 1975; 1986a, 1986b; Gill and Cobban, 1966; 
Cobban, 1951, 1958a, 1958b, 1969; Cobban and Hook, 1979; Kennedy and Cobban, 1991; 
Kennedy et al., 2001; Landman and Waage, 1993) which culminated with one of the world’s 
most refined zonal schemes in the geologic record produced by Cobban et al. (2006). The 
scheme now covers 66 ammonite zones that alternate between fossiliferous and non-fossiliferous.  
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Thus, areas which are unfossiliferous produce a certain amount of error which is unavoidable 
and limits the resolution in correlating one region to another (Landman et al., 2010).  
The ammonite biozones which are covered in this investigation include the Baculites 
scotti, Didymoceras nebranscense, Didymoceras cheyennense and Baculites compressus zones 
(Fig. 6).  The forementioned biozones contain numerous known and well exposed seep 
assemblages.   Cobban et al. (2006) reported the radiometric ages of the four zones known as the 
Bearpaw cycle (Kauffman and Caldwell, 1993) based upon bentonite layers found within the 
Didymoceras cheyennense, Baculites compressus and Baculites reesidei Zones (Fig. 6). The 
dates and zonation produced by the exhaustive work of Cobban and others allows for quick 
reference to numerical ages. 
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Figure 6: Upper Cretaceous ammonite biostratigraphic of the Western Interior Seaway (Landman et al. 2010) 
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 The Upper Cretaceous Pierre Shale consists of dark to light-gray weathered clayey to 
silty shale and is ~1000 m thick at a reference section at Red Bird, Wyoming (Gill and Cobban, 
1966).  The shale covers parts of Kansas, Wyoming, Colorado, North Dakota, South Dakota and 
Montana and ranges in age from the Campanian into the Maastrichtian (Metz, 2010; Keil et al., 
2012).   
Within the Pierre Shale, concretions are the most characteristic mode of fossil occurrence. 
In general, concretions occur in layers and are surrounded by clayey and silty shale (Stoffer, 
1998, 2003), which is less fossiliferous than the concretions (Landman and Klofak, 2012).  
Landman and Klofak (2012) described taphonomy and the diverse mixture of ~40 macro-
invertebrate species found within a single large concretion from the Pierre Shale, South Dakota.  
Landman and Klofak (2012) concluded that the concentration of fauna in the concretion is 
reflective of a localized death assemblage offering insight into the behavior of predators based 
upon the state of preservation of cephalopods.  The concretion is considered to be a time-
averaged composite of the living assemblage.  The fossil assemblages of the seeps offer a more 
abundant, diverse and unique ecological setting than generally found in sporadic concretion 
deposits usually found in the shale. 
         Hundreds of small carbonate mounds associated with methane cold-seeps are spread over 
~13,350 km
2
 in the Western Interior Basin (Metz, 2010).  The cold-seep deposits often appear as 
well weathered, stony outcrops forming topographic high points surrounded by the finer-grained 
shale (Landman et al., 2012b).  The locations of methane seep assemblages have been found to 
correlate with faults in the underlying structure of the area (Gilbert and Gulliver, 1895; Metz, 
2010; Detail Fig. 7).  Localities of methane seeps in this investigation (Table 1) are located in 
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southwestern South Dakota which represents a relatively offshore environment approximately 
230 km from the western shoreline of the Seaway (Landman and Klofak, 2012).   
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AMNH 
loc Latitude Longitude Biozone 
3419 43.78833 -102.85532 Baculites compressus 
3456 43.73333 -102.82585 Baculites compressus 
3457 no data no data Baculites compressus 
3488 43.906389 -102.77667 Baculites compressus 
3490 43.96416 -102.78788 Baculites compressus 
3491 43.9011 -102.76805 Baculites compressus 
3492 43.9011 -102.77638 Baculites compressus 
3503 43.69194 -102.9775 Baculites compressus 
3504 43.6933 -102.9766 Baculites compressus 
3418 43.78825 -102.88877 Didymoceras cheyennense 
3420 43.7685833 -102.8576 Didymoceras cheyennense 
3462 43.89495 -102.72728 Didymoceras cheyennense 
3463 43.90756 -102.72672 Didymoceras cheyennense 
3464 43.90911 -102.72598 Didymoceras cheyennense 
3465 43.912222 -102.78278 Didymoceras cheyennense 
3466 43.90036 -102.71118 Didymoceras cheyennense 
3467 43.90642 -102.7741 Didymoceras cheyennense 
3468 43.9069 -102.78293 Didymoceras cheyennense 
3469 43.903083 -102.78456 Didymoceras cheyennense 
3489 43.87963 -102.85818 Didymoceras cheyennense 
3440 44.837266 -103.37646 Didymoceras nebrascense 
3343 no data no data Didymoceras nebrascense 
3344 no data no data Didymoceras nebrascense 
3386 44.74633 -103.2963 Baculites scotti 
 
Table 1:  AMNH locs. of methane cold-seeps included in the mineralogical and faunal investigations of this thesis. 
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 Figure 7: Above: Map of North America showing the general coverage of the Western Interior Seaway in the Late 
Cretaceous, detail showing the extent of methane cold-seeps of the Western Interior (Metz, 2010). Below: 
Generalized geologic map of South Dakota (Colorado Spring Mineralogical Society: csms.blogspot.com). Red circle 
and oval indicate the general locations of seeps included in this investigation. 
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CHAPTER 3: METHODS 
   The material analyzed for this investigation was collected over several years (~2004 – 
2012) and is reposited at the American Museum of Natural History (AMNH), New York, New 
York, in the Department of Invertebrate Paleontology.  All AMNH locations sampled for this 
investigation are listed in Table 1 and also in the Appendix.    
 
3.1 Characterization of Seep Structure  
 To quantify the general physical characteristics of seeps height and width measurements 
were taken at 10 seep localities (Table 2).  The main conduits of seeps, which are sometimes  
exposed in vertical cross sections due to erosion events, were measured vertically and 
horizontally (Fig. 8).  Several seep mounds, which were not exposed vertically, were measured 
laterally, from the highest point of the carbonate mound to the foot of the mound, to attain a 
general measure of the height of the core and horizontally to attain a general measure of diameter 
for the extent of carbonate pavement formed (Fig. 9).  
 
3.2 Mineralogy and Carbonate Textures 
   Material collected from seeps dominated by shale and lacking substantial carbonate 
pavements was generally collected within 1 m of the main conduit and material collected from 
seeps containing carbonate pavements was collected within <1 m of the outer edge of the 
carbonate pavements.  No material collected more than 1 m from the conduit or carbonate 
pavements are included in this investigation to ensure that the fossils collected were most likely 
inhabiting or perishing at the seep. The mineralogy of 25 seep cements (Table 1) was determined 
through analysis of both thin sections and hand samples with a 5-spectrometer Cameca SX-100 
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electron microprobe (EMPA) at the Electron Microprobe Facility at AMNH and also with the 
Bruker environmental scanning electron microscope Evo60 (EvoSEM), at the Microscopy and 
Imaging Facility at AMNH.  Hand samples from each site were cut and polished prior to 
preliminary analysis with the Evo60 and later used for texture analysis through application of 
acetate peels with HCl.  Preliminary analysis of all 25 seeps samples consisted of energy 
dispersive spectrometry (EDS) to create hypermaps of the following elements: C, Mg, Al, Si, P, 
S, K, Ca, Mn, and Fe.  The images were then processed for mapping of mineral compositions 
with the use of Corel Draw and ImageJ to determine the mineralogy of methane seep matrix 
materials.  Thin sections were created from a sample set based upon mineralogy results from the 
EDS analysis.  Thin sections were then analyzed by EMPA under a 20 nA beam, first with a 1 
µm point beam and then with a defocused 10 – 20 µm beam with ~40 points of analysis at 10 µm 
increments over a cross section for a matrix average of the following elements: C, Mg, Al, Si, P, 
S, K, Ca, Mn, and Fe.  The abundances of elements within the cements allows for the general 
mineralogy to be determined.  The phase of minerals that have similar chemical compositions 
(e.g. aragonite, calcium carbonate, Mg-carbonate, dolomite) was determined through X-ray 
diffraction with a Rigaku DMAX-Rapid Microdiffraction system in the Earth and Planetary 
Sciences Department at the American Museum of Natural History.   Further, two large pieces of 
carbonate cements which were characterized as potentially being microbial mats were sent to 
Jorn Peckmann, University of Vienna, Austria, for lipid geochemical analysis. 
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3.3 Diversity and Succession 
  To identify and quantify the faunal composition of each seep 0.5 m
3
 of bulk material 
from each site was selected for faunal identification and counts.   
Species richness indicates the observed number of species in the ecosystem.  The 
Shannon-Wiener Index (ln) (H), a second measure of diversity, which includes both richness and 
evenness in its calculations, was also employed within this study.  As a comparison to the 
Shannon-Weiner Index, Margalef’s Richness Index (S), D-1/ln(n), was also implemented in the 
analysis for comparison. The evenness of the communities was determined by the Pielou's 
Evenness Index (J): J = H’/lnD.   
A diversity index is a quantitative measure that reflects how many different types of 
organisms, such as species, there are in a dataset while simultaneously taking into account how 
evenly the basic entities are distributed among those types. The value of a diversity index 
increases both when the number of organisms increases and when evenness increases. For a 
given number of organisms, the value of a diversity index is maximized when all types are 
equally abundant. However, this is rarely the case in most ecosystems.  The most commonly 
used diversity indices are simple transformations of the actual number of organisms but each 
diversity index can also be interpreted in its own right as a measure corresponding to some real 
phenomenon but a different one for each diversity index.    
         The Shannon-Weiner Diversity Index was developed from information theory and is 
based on measuring uncertainty.  The degree of uncertainty of predicting the number of species 
of a random sample set is related to the diversity of a community. If a community is dominated 
by one species (e.g. low diversity), the uncertainty of prediction is low. However, if diversity is 
high, uncertainty is high. When properly manipulated, it will result in a diversity value (H’) 
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ranging between 0, which indicates low community complexity, to 4, which indicates high 
community complexity. The relative abundance of organisms is called evenness.  Richness 
reflects the number of species/genera in a community; the greater number of species/genera in a 
community the higher the richness index.  Both evenness (J) and richness (S) are used to 
calculate H’.  As there is an increase in both J and S, there is a concominant increase in H’. 
 
3.4 Spatial Analysis 
Mineralogy of the sites was entered into ArcGIS in addition to known biostratigraphic 
zone (e.g. Didymoceras nebranscense, Balculite compressus).  This was intended to determine if 
there were any spatial relationships between: 1) the mineralogy of seep cements and a specific 
time period, 2) determine if methane seeps are fed from a single or multiple sources, 3) 
determine a general duration of fluid flow and rate, and 4) determine if there are any areas that 
had a more persistent or regulated fluid flow during the ~2 million years covered through this 
investigation. 
 
3.5 Akaike modeling 
 The Akaike Information Criterion (AIC) is a measure of the relative quality of a 
statistical model, for a given set of data which was founded on information entropy (Akaike, 
1974).  AIC provides a means for model selection and deals with the trade-off between the 
goodness of fit of the model and the complexity of the model.  It offers a relative estimate of the 
information lost when a given model is used to represent the process that generates the data. AIC 
does not provide a test of a model in the sense of testing a null hypothesis and can tell nothing 
about the quality of the model in an absolute sense.  In the general case, AIC = 2k – 2 ln (L), 
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where k is the number of parameters in the statistical model and L is the maximized value of the 
likelihood function for the estimated model.  The dependency of the response variable on the 3 
most likely explanatory variables (F, S, and B, defined below) was examined with a balanced set 
of generalized linear models.  The fit of the models and supporting weight of evidence for the 
models and relative importance of the variables was evaluated with an Information Theoretic 
approach using the Akaike Information Criterion (AICc) corrected for small sample size 
following standard techniques outlined in Burnham and Anderson (2002). 
 Models were created considering dependent variables, faunal composition, coupled with 
independent variable of a biological influence (B), the type of substratum as proxy for flow rate 
(F), and sulfate availability (S).  Given that the independent variables cannot be measured 
directly, proxies were used to estimate their quantities; the sulfate availability proxy is based on 
the presense of sulfate minerals (e.g. BaSO4 and FeS2), and the fluid flow rate is based upon 
basic mineralogy, clay or varying carbonates, and the biological influence, namely the presense 
and absence of oysters which are considered to be keystone organisms helping to shift a soft 
substrate to a hard substrate.   
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CHAPTER 4: RESULTS 
 
4.1 Structure and Lithology 
         Some seeps, AMNH 3528 – 1, 3528 – 3 and 3545, are dominated by a vertical trending 
core with periodic secondary pipes (Figure 8), small core-like micritic pipes which suggest a 
temporary divergence of fluid flow away from the primary core, extending out into fissile shale 
and encompassing between 2 - 4 m in diameter, having heights ranging from 5 - 10 m (height 
and diameter measurements as defined in 3.1; Table 1).  Other seeps, AMNH 3531 – field, 3533, 
3534, 3546, and 3551, are described as being well weathered carbonate outcrops containing 
shelly biota and extending ~10 m in height on average and often encompassing upwards of 15-20 
m in diameter where a base can be determined (Table 1).  
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Figure 8: AMNH loc. 3545 a steep, vertically trending seep characterized by a large micritic core surrounded by 
fissile shale; A) Seep as seen prior to excavation, B) seep during early stages of excavation exposing central micritic 
core (big arrow), and C) late stage excavation exposing remaining portion of central core and secondary pipes (little 
arrows). 
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Figure 9:  A) Seep field, AMNH loc. 3531 (Table 1), in northwestern Nebraska covering 0.04 km
2
 in the Oglala 
National Grasslands, B) individual seep from the AMNH loc. 3531 field, 3531- 2 (see Table 1); and C) AMNH loc. 
3562 vertically exposed carbonate seep of a road cut outside of Oral, South Dakota (43° 53’58”N, 103° 15’30”W).  
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AMNH Latitude Longitude 
Height 
(m) 
Width 
(m) General Lithology 
3528 - 
1 44°10'23"N 102°24'07"W 10 2 
micritic conduit, no carbonate 
pavement 
3528 - 
3 44°10'23"N 102°24'07"W 10 3 
micritic conduit, no carbonate 
pavement 
3531 - 
1 42°54'50"N 103°51'20"W 3 12 vuggy carbonate mound 
3531 - 
2 42°54'50"N 103°51'20"W 3.1 12 vuggy carbonate mound 
3531 - 
3 42°54'50"N 103°51'20"W 3 6 vuggy carbonate mound 
3531 - 
4 42°54'50"N 103°51'20"W 4 10 vuggy carbonate mound 
3531 - 
5 42°54'50"N 103°51'20"W 3 5 vuggy carbonate mound 
3531 - 
6 42°54'50"N 103°51'20"W 3.1 4 vuggy carbonate mound 
3533 44°47'37"N 103°20'55"W 2.5 3 vuggy carbonate mound 
3534 44°47'46"N 103°21'04"W 3 4.5 vuggy carbonate mound 
3545 44°18'35"N 102°21'02"W 5 4 
micritic core pipe, no carbonate 
pavement 
3546 44°52'28"N 102°52'28"W 2.5 3 vuggy carbonate mound 
3551 43°52'35"N 102°49'48"W 10 14 vuggy carbonate mound 
 
Table 2: Height and width measurements of carbonate mound and or extent of main conduit exposure, as possible,  
(height and diameter measurements as defined in 3.1) of select seeps, their locations and general lithology. 
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4.2 Mineralogy 
         Four major mineral types were found in the 25 seep cements analyzed with electron 
dispersive spectroscopy on the EvoSEM. Nine seeps contain cements dominated by carbonate 
rock material with minor abundances of other minerals and clays: kaolinite, smectite, apatite or 
quartz (Table 3).  Six of the nine samples dominated by carbonate rocks also contain trace clays 
bodies and minerals which include kaolinite, apatite, or quartz (Table 3). Nine seeps contain 
cements which are dominated by Mg-carbonate and include minor minerals, either kaolinite or 
smectite (Table 3).  Two of the nine seeps dominated by Mg-carbonate rocks material also 
contain trace abundances of the mineral apatite or kaolinite clay (Table 3).  Trace abundances 
usually refers to >1% of total composition.  However, such readings are  beyond the scope of this 
investigation but herein refers to detectable amounts far less than primary or secondary mineral 
abundances. Five seeps contain cements dominated by kaolinite with minor minerals which 
include calcite, smectite or apatite smectite (Table 3).  No seep dominated by kaolinite contained 
trace minerals; no trace minerals were found in the sample set of secondary abundance nor were 
trace minerals found in other phases in minor or major abundance.  The two remaining seeps are 
dominated with smectite with minor amounts of kaolinite (Table 3). 
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AMNH 
Major 
Componant 
Minor 
Componant 
Trace 
Componant 
3419 CaCO quartz  
3492 CaCO AlSiO  
3440 CaCO AlSiO  
3457 CaCO AlSiO CaPO 
3456 CaCO AlSiO CaPO 
3463 CaCO AlSiO SiO 
3468 CaCO 
Fe,Mg - 
AlSiO AlSiO 
3469 CaCO 
Fe,Mg - 
AlSiO AlSiO 
3344 CaCO pyrite AlSiO 
3420 AlSiO CaPO  
3418 AlSiO 
Fe,Mg - 
AlSiO  
3386 AlSiO CaCO  
3488 AlSiO CaCO  
3489 AlSiO 
Fe,Mg - 
AlSiO  
3490 Mg-CaCO AlSiO  
3462 Mg-CaCO AlSiO  
3491 Mg-CaCO AlSiO  
3467 Mg-CaCO 
Fe,Mg - 
AlSiO AlSiO 
3466 Mg-CaCO AlSiO  
3465 Mg-CaCO AlSiO CaPO 
3464 Mg-CaCO AlSiO  
3343 Mg-CaCO AlSiO  
3504 
Fe,Mg - 
AlSiO CaCO  
3503 
Fe,Mg - 
AlSiO CaCO  
      
Table 3: Mineral assemblages from all 25 seeps as determined through EDAX with an environmental SEM showing 
their major, minor and trace mineral compositions. 
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 A subset of 12 samples was selected by mineralogy results of EDAX and biostratigraphic 
zone for microprobe analysis: AMNH locs. 3344, 3386, 3418, 3419, 3420, 3440, 3457, 3462, 
3465, 3469, 3503, and 3504.  Single micron point analysis revealed a great array of minerals 
incorporated into the carbonate and/or clay based pavements of seeps; most additional minerals 
were between 1 – 10 microns in diameter and did not contribute considerably to the general 
mineralogy of the seep pavements.  Additional minerals include simple feldspars, pyrite (with 
exception of AMH loc. 3503), barite, quartz, pyroxenes, and metals (Fe, Au, and Pd).  Traverse 
lines were implemented between 10 – 20 µm on all 12 samples to determine average and 
dominant mineralogy of seep pavements. 
 Seeps dominated by calcium carbonate include AMNH locs. 3419, 3469, 3440, and 3457; 
these calcium carbonate-dominated seeps contain either Mg-carbonate or clays in varying 
amounts (Table 4 and Appendix I).  Seeps dominated by Mg-carbonate include seeps 3344, 3462, 
and 3465 and were also found to contain varying amounts of clays and calcium carbonate (Table 
4 and Appendix).  Seeps which yielded Ca-carbonate results were also examined under X-ray 
diffraction to determine the CaCO3 crystal structure, and were determined to be calcite (Fig. 10 
and 11).  X-ray diffraction results contain spectral peaks of minerals and comparative potential 
polymorphs.  
Clay-dominated seeps with kaolinite and/or smectite include AMNH locs. 3420, 3418 
and 3504 and also contained minor amounts of calcium carbonate (Table 4 and Appendix I).  
AMNH loc. 3503, though clay-dominated, was also found to contain substantially higher 
amounts of iron than other smectite dominated seeps.  Elemental iron ranges between 3 – 5% in 
AMNH loc. 3418 and 3504.  However, elemental iron in AMNH 3503 ranges between 19 – 48% 
with elemental sulfur ranging <1% at the same 10 micron diameter analysis.  AMNH loc. 3386 
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and 3420 had two dominant minerals, nearly equal amounts kaolinite clays and calcium 
carbonate with trace amounts of rutile or apatite (Table 4 and Appendix).   
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AMNH Major Mineral  Minor Mineral  Trace Mineral  
3419 carbonate quartz  
3420 Kaolinite and carbonate apatite  
3457 carbonate kaolinite apatite 
3469 carbonate smectite  
3386 Kaolinite and carbonate  rutile 
3418 kaolinite smectite illite 
3440 carbonate kaolinite quartz 
3462 Mg-carbonate kaolinite rutile 
3465 Mg-carbonate smectite  
3344 Mg-carbonate smectite  
3504 smectite carbonate illite 
3503 smectite rutile, pyrite carbonate 
 
Table 4: Mineral assemblages from subset of 12 seeps as determined through microprobe 10 – 20 micron defocused 
beam traverse line analysis and their major, minor, and trace mineral compositions.  Note that polymorphs of 
carbonates determined with XRD; spectrums found in Figures 10 and 11. 
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Figure 10: X-ray diffraction results for AMNH locs. 3457 and 3469, top portion of figures display the potential 
alignments for the mineral selected and the actual spectral results, below the primary results are polymorphs for 
comparison. 
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Figure 11: X-ray diffraction results for AMNH locs. 3419 and 3440, top portion of figures display the potential 
alignments for the mineral selected and the actual spectral results, below the primary results are polymorphs for 
comparison. 
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Transverse microprobe analysis was implemented to gain an understanding of the 
average mineral constituency for 12 seep cements (Fig. 12).  Carbonate-rich cements, AMNH 
locs. 3462, 3465, 3457, 3469, and 3386, had BaO ranging from 0.00 to 0.07 %wt; SO2 ranging 
from 0.00 to 0.60 %wt; and FeO ranging from 0.00 to 86.3 %wt.  With exception of AMNH locs. 
3386 and 3465, yielding FeO ranges from 53.10 to 86.30 %wt and 0.02 to 34.30 %wt, 
respectively, all other carbonate seeps %wt counts were no greater than 4.03 %wt.  Clay-
dominated seeps had BaO ranging from 0.00 to 0.09 %wt; SO2 ranging from 0.01 to ~100.0 %wt; 
and FeO ranging from 1.4 to 64.23 %wt.  Microprobe analysis shows a distinct increase in the 
amount of sulfide minerals specifically at AMNH loc. 3503. Microprobe 1 µm point analysis 
clasts revealed iron-oxide nodules, Au-Pd nodules, varying feldspar clays (illites), barite and 
other sulfur minerals, and pyroxenes (Fig. 12).   
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Figure 12: A: Image of an Fe-rich nodule in a cement sample from AMNH loc. 3462; B: Image of a series of Au and 
Pd- rich nodules found in the cement sample from AMNH loc. 3462, arrow indicates where point analysis was 
conducted, C: spectrum results from 1 µm point analysis. 
 
  
A B 
C 
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Figure 13: A: Smectite rich clay cement from AMNH loc. 3504, B: AMNH loc. 3503 cement sample with pyrite 
nodules and varying clay and carbonate minerals; C: AMNH loc. 3457 cement sample with calcite and quartz crystal 
suggestive of replacement possibly from weathering; D: AMNH loc. 3469 cement sample with mixed mineralogy 
within a coprolite. 
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4.3 Mineralogy by Biozone 
 
  The 25 seeps analyzed were sampled from the following ammonite biozones: 
Didymoceras nebrascense, Baculites scotti, Didymoceras cheyennense, and Baculites 
compressus zones (Fig. 14 – 16). These biozones are well exposed within southwest South 
Dakota and are known to contain numerous methane cold-seeps assemblages.  There are four 
seeps from the Baculites scotti – Didymoceras nebrascense zone: two seeps are calcite-
dominated, one is Mg-calcite-dominated, and one is kaolinite-dominated.  Therefore, 75% of 
seeps from this zone contain carbonate hard substratum.  Eleven seeps were sampled from the 
Didymoceras cheyennense zone: five are Mg-calcite-dominated, three are carbonate-dominated, 
and three are kaolinite-dominated.  Therefore, nearly 73% of seeps from this biozone contain 
carbonate hard substratum. Nine seeps are from the Baculites compressus zone were sampled: 
two are Mg-calcite-dominated, four are calcite-dominated, one is kaolinite-dominated and two 
are smectite-dominated. Therefore, 67% of the seeps from this biozone contain carbonate hard 
substratum.  
 
4.4  Mineralogical Spatial Patterns 
 All Mg-calcite dominated seeps are found in the Rail Road Buttes, Creston, South Dakota 
area of investigation (Fig. 14).  Similarly, all clay-dominated seeps are found in the southernmost 
area of investigation (Fig. 14).  Calcite seeps are spread throughout the area of investigation (Fig. 
14). The Didymoceras cheyennense Zone, Creston area, is the only biozone to contain all three 
mineral trends. The Baculites scotti – Didymoceras nebrascense Zones contain only calcitic 
cements and the Baculites compressus Zone, though carbonate-dominated, contains the greatest 
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number and percentage of total seeps which are clay-dominated (33%) of all biostratigraphic 
zones. 
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N.H.,  
Figure 14:  Map detailing the locations of seeps based upon mineralogy: A) showing all localities analyzed by their 
mineralogy via EDAX, B) detail of localities in the Didymoceras cheyennense and Baculites compressus Zones by 
mineralogy.  
Calcite 
 
Mg-calcite 
 
Kaolinite 
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Figure 15: Map detailing the locations of seeps based upon biozone: A) all localities included in the investigation, B) 
detail of the localities in the Didymoceras cheyennense and Baculites compressus Zones. 
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Figure 16: Map detailing both biozone and mineralogy of seeps (EDAX): A) All locals included in this study and are 
color coded (D.nebrascense = red; D.cheyennense = shades of blue; B.compressus = shades of yellow), B) detail of 
seeps in the Didymoceras cheyennense and Baculites compressus Zones,  
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4.5 Faunal Composition and Diversity Analysis 
         A total of 8348 organisms were identified at the genus and species level, where possible 
(Figs. 3 - 5). The fossils mostly consist of bivalves, cephalopods, gastropods, crustaceans, and 
echinoids in addition to wood fragments, bryozoans, encrusting sponges, bones of unidentified 
fish, and microbial mats.  All groups are present in each biozone.  Crinoids are absent in the 
Baculites scotti – Didymoceras nebrascense Zones of this investigation but have been reported in 
nearby and other equivalent age seeps (Tables 5 - 7).  Organisms which are found at all seeps 
include baculites, lucinids, and inoceramids.  Lucinids are usually the most dominant bivalve (23 
of 25 localities) followed by inoceramids.  Several organisms are abundant at all seeps including 
scaphites, echinoids, crustaceans, oysters, gastropods, and encrusting sponges.   
         The number of species (D) at each seep ranges from 4 to 21.  D for Mg-calcite-dominated 
seeps averages 18.0 (range 12 – 20; Table 8); for calcite-dominated seeps, 14.1 (range 10 – 21; 
Table 8); for kaolinite-dominated seeps, 14.5 (range 12 – 20; Table 8); for smectite-dominated 
seeps, 12.0 (range 11 – 14; Table 8).  There is a large difference between the number of species 
at Mg-rich carbonate seeps and smectite-dominated seeps.  However, there is little variation 
between seeps that are simple carbonates and kaolinite-based.  The Shannon Weiner Index (H’) 
for Mg-calcite-dominated seep deposits averages 2.003 (range 1.659 – 2.272; Table 8); for 
calcite-dominated seeps deposits, 1.745 (not including seeps with D <10; range 0.943 – 2.823; 
Table 8); for kaolinite-dominated seep assemblages, 1.741 (range 1.404 – 2.024; Table 8); and 
for smectite-dominated seep deposits, 1.627 (range 1.538 – 1.717; Table 8).  Despite the 
disparity between D among seeps, all seeps are considered to be depauperate to moderately 
depauperate according to H’.  The Margalef’s Richness Index (S) for Mg-calcite-dominated seep 
deposits averages 3.01 (range 2.673 – 3.349; Table 8); for calcite-dominated seep deposits, 2.34 
(range 1.783 – 2.988; Table 8); for kaolinite-dominated seeps, 2.34 (range 1.763 – 3.013; Table 
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8); and for smectite-dominated seeps, 2.27 (range 2.063 – 2.483; Table 8).  All seeps other than 
Mg-rich carbonate seeps are considered to have poor richness according to their richness index, 
S.  The Pielou’s Evenness Index (J) for Mg-calcite-dominated seep deposits averages 0.32 (range 
0.19 – 0.389; Table 6); for calcite-dominated seeps, 0.282 (range 0.193 - 0.452; Table 8); for 
kaolinite-dominated seeps, 0.306 (range 0.265 – 0.363; Table 8); for smectite-dominated seeps, 
0.307 (range 0.272 - 0.343; Table 8).  There is consistently poor evenness of species at all seeps.   
Seeps which are dominated by Mg-calcite have the highest H’ index average (2.003) 
followed by seeps dominated by calcite (1.745), kaolinite-dominated (1.741), and smectite-
dominated (1.627).  Though the difference between the diversity indexes is not statistically 
significant, the seeps that form in soft substratum and later develop carbonate pavements indicate 
persistent flow.  Seeps dominated with smectite and kaolinite clays reflect the lowest diversity of 
all four mineralogies and, therefore, most likely reflect an incipient or immature stage. When 
considering the diversity of simple carbonate-dominated seeps, the stages straddle a peak 
maturity and potentially could be considered in either a late or mature stage to a final or 
moribund stage.  For example, AMNH loc. 3492 is dominated by calcite and has a D of 18 and 
an H’ of 2.193 while AMNH loc. 3468, also dominated by calcite, has a D of 4 and an H’ of 
0.943.   
         Pielou’s Evenness index (J), based on 1, considers seeps >0.3 to have extremely poor 
evenness.  Communities dominated by one or only a few types of organisms have a low evenness, 
while those with a greater number of species, or increased richness as reflected by the Margalef’s 
Richness Index, have a higher evenness.  Dominant fauna within seeps include baculites, 
inoceramids and lucinids.  These organisms are not considered obligate to seep biomes as they 
are found regularly within the Western Interior Seaway in both seep and non-seep environments.  
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Here, these organisms are considered as foundation organisms as they are commonly found at 
both seeps with soft substrata and seeps with carbonate hard substrata.  
All seeps in this investigation exhibit poor to moderate evenness (ranging from 0.19 – 
0.452). This is a reflection of the persistent dominance of one or more of the three foundation 
organisms through all stages of maturity. Though the diversity indices implemented convey 
interesting information about seep communities and correlate to changes in mineralogy and 
community assemblages, there is little conveyed about succession derived from these data.  
However, there are shifts in the total percentage of foundation organisms and other organisms 
from seep to seep which elucidates a more detailed story.  It is likely that the changes in 
mineralogy which correlate to both changes in diversity and faunal composition reflect faunal 
succession as the seep stabilizes. 
 All seeps are dominated by lucinids, baculites, and/or inoceramids (foundation organisms) 
and consistently have the greatest total percentage of count (number of organisms) of the total 
organisms at a seep.  All organisms which are not these foundation organisms are generally 
considered secondary inhabitants.  Six seeps do not have secondary inhabitants consisting of >4% 
of the total number of organisms: AMNH locs. 3503, 3504, 3489, 3463, 3469, and 3418.  These 
seeps also have an average D of 13.7 and 66.7% (4 of 6) are dominated by clays.  
 Dominant secondary fauna varies among the remaining 19 seeps.  Five seeps contain 
oyster-dominated (4 – 16.8% of total organisms) secondary assemblages: AMNH locs. 3419, 
3420, 3456, 3457, and 3491.  Oyster-dominated seeps have an average D of 15.4 and 80% of 
seep cements from these seeps are dominated by carbonates. 
 In terms of secondary organisms (contributing     of total organisms), seven seeps are 
gastropod-dominated (4 - 10.1% of total organisms): AMNH locs. 3462, 3464, 3466, 3467, 3488, 
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3490, and 3492.  Gastropod-dominated seeps have an average D of 17.5 and 85% of seep 
cements from these seeps are dominated by carbonates. The remaining five seeps are ammonite-
dominated, specifically dominated by scaphites and didymoceratids (3.5 - 13% of total 
organisms): AMNH locs. 3440, 3343, 3344, 3386, 3487, 3465, and 3468. Ammonite-dominated 
seeps have an average D of 9 and and 80% of seep cements are dominated by either Mg-
carbonate (20%) or carbonate (60%).  
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TABLE 5: Baculites compressus – cuneatus Zone  
BIVALVIA    3419 3456 3457 3488 3490 3491 3492 3503 3504 
Agerostrea falcata (Morton, 1830)  59  2  22 15 5 4 3 
Clisocolus moreansis (Meek and Hayden, 1860)    1 2   2 
Inoceramus” altus” (Meek, 1871)      40 24 20 10 20 
“Inoceramus” sagensis (Owen, 1852)  242 48 7 72 50  21 13 38 
Limopsis parvula (Meek and Hayden, 1856b)   
Nymphalucina subundata (Hall and Meek, 1856) 235 80 23 33 138 14 65 148 71 
Pteria linguiformis (Evans and Shumard, 1857)     3  4 
CEPHALOPODA 
Baculites compressus (Say, 1820)  124 25 13 12 82 16 70 50 51 
Haploscaphites brevis (Meek, 1856)   1 1  22 3 3 8 8 
Haploscaphites nodosus (Owen, 1852)    3  12  7 2 8 
Solenoceras (Conrad, 1860)       6  3 
Placenticteras intercalare (Meek and Hayden, 1860)   2  5 2 16 2 3 
NAUTILOIDA 
Eutrephoceras dekayi (Morton, 1834)       3 
CRUSTACEA 
Hoplitocarcinus punctatus (Rathbun, 1917)  5 1  1 1 
Plagiophthalmus bjorki (Bishop and Williams, 2000) 17    2 
ECHINODERMA 
Hemiaster humphreyiana (Cooke, 1953)  12 1   1  2 1 
Lakotacrinus brezinai (Hunter et al., in review)  21 6 2  5  3 
GASTROPODA 
Anisomyon borealis (Meek and Hayden, 1860) 2    3 
Cylindrotruncatum demersum (Sohl, 1964)  15   1 
Drepanochilus nebrascensis (Evans and Shumard, 1854) 43 1 1  18 1 4 5 
Drepanochilus trilratus (Stephenson, 1941)        1 
Ellipsoscapha subcylindrica (Meek and Hayden, 1856c) 29     1 
Escarpia sp.    24 
Euspira obliquata (Hall and Meek, 1856a)  24  1  9    2 
Oligoptycha concinna (Hall and Meek, 1856a)  29   12 25  25 1 
Pecten nebrascensis (Meek and Hayden, 1856c) 7 
MICELLANEOUS 
Bryozoan    2     2 5 
Microbial mat    7 6 
Scaphopod sp.     16    3 2 2 
Sponge    300 170 7 140 45 5 40 33 
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TABLE 6: Didymoceras cheyennense  Zone 
BIVALVIA    3418 3420 3462 3463 3464 3465 3466 3467 3468 3469 3489 
Agerostrea falcata (Morton, 1830)  2 32 7 6 7 1 4 1  5 
Clisocolus moreansis (Meek and Hayden, 1860)    2 4 1 3 1  4 
“Inoceramus” altus (Meek, 1871)  106  26 13 12  18 20 13 2 10 
“Inoceramus” sagensis (Owen, 1852)   116 
“Inoceramus” nebrascensis (Meek, 1876)  60  30 10 8 28 20 18   11 
Limopsis parvula (Meek and Hayden, 1856b)    1     2  
Nymphalucina occidentalis (Morton, 1842)  118 131 82 64 200 18 60 70 14 174 147 
Protocardia subquadrata (Evans and Shumard, 1857)  2  
Pteria linguiformis (Evans and Shumard, 1857)  22 1  1 1 3 4   3 
CEPHALOPODA 
Baculites compressus (Say, 1820)  60 42       1 
Baculites corrugatus (Elias, 1933)  120  111 89 38 14 40 53 1 18 22 
Didymoceras cheyennense (Meek and Hayden, 1856b)  6 8   3 4  1   1 
Hoploscaphites brevis (Meek, 1856)  16 5 11 5 6 3 4 7  2 4 
Hoploscaphites nodosus (Owen, 1852)  17  10 7 6 5 4 1   4 
Oxybelaceras sp.    2 
Placenticteras intercalare (Böhm, 1898)  5 9 6 1  2 1 6 
Placenticeras meeki (Meek and Hayden, 1860)      2 
NAUTILOIDA 
Eutrephoceras dekayi (Morton, 1834)      1   1 
CRUSTACEA 
Plagiophthalmus bjorki (Bishop and Williams, 2000) 2 3   1 
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TABLE 6: Didymoceras cheyennense  Zone 
ECHINODERMA   3418 3420 3462 3463 3464 3465 3466 3467 3468 3469 3489 
Hemiaster humphreyiana (Cooke, 1953)   7   
Lakotacrinus brezinai (Hunter et al., in review)   34 3  3 3 1 
GASTROPODA 
Anisomyon borealis (Meek and Hayden, 1860) 2 2 1   1  3   1 
Cylindrotruncatum demersum (Sohl, 1964)   
Drepanochilus nebrascensis (Evans and Shumard, 1854) 4 5 20 2 18  11 7  5 1 
Drepanochilus trilratus (Stephenson, 1941)    1  14  1 
Ellipsoscapha subcylindrica (Meek and Hayden, 1856c)   1    1  2 
Escarpia sp.    11 
Euspira obliquata (Hall and Meek , 1856)  5 9     3 
Gyrodes alveata (Wade, 1926)        8 
Oligoptycha concinna (Hall and Meek, 1856)   6 21 3 5 1 2 5  1 
MICELLANEOUS    
Bryozoan     2    3    1 
Microbial mat     2    2 
Scaphopod sp.     17 1  9 2  3 
Sponge    12 300 75 75 8 121 46 9  2 27 
Wood fragments        4 
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TABLE 7: Baculites scotti – Didymoceras nebranscense Zone 
BIVALVIA      3440 3343 3344 3386 
Agerostrea falcata (Morton, 1830)   15   6  
“Inoceramus” pierrensis (Walaszczuk et al. , 2001)   1 2 55 
“Inoceramus” sagensis (Owen, 1852)   34 
Nymphalucina occidentalis (Walaszczyk et al., 2001)  509 132 51 152 
Pteria linguiformis (Evans and Shumard, 1857)  8   2 
CEPHALOPODA 
Baculites psuedovatus (Elias, 1933)   81 1 1 
Baculites scotti (Cobban, 1958)      111 
Didymoceras nebranscense (Meek and Hayden, 1856b)    108 3 
Hoploscaphites gilberti (Landman et al., 2013)  40  1 22 
Hoploscaphites gilli (Cobban and Jeletzky, 1965)  56  5 31 
Oxybelaceras sp.       1 
Solenoceras sp     58    
ECHINODERMA 
Hemiaster humphreyiana (Cooke, 1953)   2 
CRUSTACEA 
Plagiophthalmus bjorki (Bishop and Williams, 2000)   4 
GASTROPODA 
Anisomyon borealis (Meek and Hayden, 1860)  1 
Cylindrotruncatum demersum (Sohl, 1964)   1 
Drepanochilus nebrascensis (Evans and Shumard, 1854)  24   3 
Euspira obliquata (Hall and Meek , 1856)   14   6 
Oligoptycha concinna (Hall and Meek, 1856)   3   5 
Synclonema halli (Gabb, 1861)    12 
MICELLANEOUS   
Bryozoan      7   5 
Fishbone      1 
Microbial mat        1      
Scaphopod sp.     16   7 
Sponge    
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AMNH 
loc D H J S 
3419 20 2.237 2.823 0.315 
3456 14 1.682 2.182 0.282 
3457 11 1.867 2.423 0.452 
3488 11 1.507 1.763 0.265 
3490 20 2.272 3.228 0.366 
3491 12 2.148 2.673 0.19 
3492 18 2.184 2.988 0.193 
3503 14 1.538 2.483 0.272 
3504 11 1.717 2.063 0.343 
3418 17 1.893 2.379 0.3 
3420 20 2.024 3.013 0.363 
3462 18 2.193 2.994 0.364 
3463 11 1.618 1.783 0.288 
3464 18 1.659 2.739 0.284 
3465 19 1.685 3.349 0.313 
3466 18 2.053 2.942 0.377 
3467 18 2.088 3.174 0.389 
3468 4 0.943 0.89 0.28 
3469 10 0.876 1.862 0.163 
3489 13 1.404 2.195 0.294 
3440 21 1.922 3.036 0.278 
3343 4 0.376 0.609 0.21 
3344 4 0.55 0.732 0.287 
3386 13 1.879 2.33 0.312 
 
Table 8: Compiled list of seep AMNH loc, density (D, number of species), Shannon-Weiner Diversity Index (H), Pielou’s 
Evenness Index (J), and Margalef’s Richness Index (S). 
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Figure 17: Common ammonites of methane cold-seeps and non-seep environments: A – D Baculites compressus, A) 
Left lateral view, B) Ventral view, C) Ovate whorl cross section at adoral end, D) cross section, E) Hoploscaphite 
brevis, F – G) H. brevis macroconch.  
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Figure 18: Common bivalves and gastropods of methane cold-seeps and non-seep environments:  A) Agerostrea 
falcata, B) Protocardia subquadrata, C) Euspia obliquata, D) Oligoptycha concinna, E) Inoceramus convesus, F) 
Drepanochilus nebrascensis (apetural and lateral views, respectively), G) Nymphalucina occidentalis, H) Pteria 
linguiformis.  
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4.6 Akaike Modeling 
 Akaike Information Criterion (AICc) is similar to a principle components analysis which 
in this case is corrected for a small sample size.  The number of penalties per parameter to be 
used for that model is indicated by k.  The sum of squares error (sse) is the sum of the squared 
differences between each observation and its group's mean or the variance from the mean.  The 
number of localities per model is indicated by n and Δ is a measure of each model relative to the 
best model. The likelihood of the model given the data (likelihood) is determined by the least 
amount of information lost with the model run and the weight of evidence (w) given the model 
or simply, this indicates the probability that the model is the best among the whole set of 
candidate models. For instance, an Akaike weight of 0.75 for a model indicates that given the 
data, it has a 75% chance of being the best one among those considered in the set of candidate 
models. 
 AICc shows that the S model, considering only sulfur presense or absense, has 4.4 times 
the weight of evidence (w = 0.5779) for a best fit model of all 3 independent variables included 
in this investigation, some weight given to B (w = 0.1307) for the next best factor (Table 9).  The 
composite (Table 10) is formed by adding the weights of all models containing the variables; 
these values are not ‘weights of evidence’ as those in Table 9, these scaled weights indicate that 
there is an order of importance to the variables; S > B > F.  S is the primary driver of faunal 
succession.  However, both B and F have a relative impact as well. 
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model k sse n AICc Δ likelihood w 
F 3 39.5560 25 10.9818 3.8460 0.1462 0.0845 
S 3 27.7570 25 7.1358 0.0000 1.0000 0.5779 
B 3 36.5000 25 10.1088 2.9730 0.2262 0.1307 
F B 5 27.0280 25 10.8468 3.7110 0.1564 0.0904 
F S 5 36.4960 25 14.1076 6.9718 0.0306 0.0177 
B S 5 27.3130 25 10.9607 3.8249 0.1477 0.0854 
F S B 7 26.5250 25 14.6429 7.5071 0.0234 0.0135 
        Variable composite 
weight 
scaled 
weight 
F 0.2061 0.1688 
S 0.6945 0.5690 
B 0.3200 0.2622 
  1.2205   
 
Tables 9 and 10: (9, above) Akaike Information Criterion (AICc), corrected for a small sample set, data tables for 
faunal succession variables; F = flow rate based upon mineralogy, S = sulfur availability based upon presence or 
absence of sulfur, and B = biological influence of oysters on shifts from soft to hard substratum.  (10, below) AICc 
composite weight and scale weight table. 
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CHAPTER 5: SEEP STRUCTURE, MINERALOGY AND SEEP DEVELOPMENT 
 
5.1.1. Seep structure and basic lithology 
 
Chemosynthesis, the process in which reduced chemicals are utilized as a primary energy 
source rather than that of sunlight has been known for many years (Winogradsky, 1887).  
Chemosynthetic ecosystems had long been considered to be a minor contributor to the carbon 
budget in the marine environment.   This view shifted greatly after the discovery of hydrothermal 
vents (Corliss et al., 1977).  A contemporaneous discovery of sulfide- and methane-rich cold-
seep systems was made shortly thereafter; the first of such systems was discovered in the Florida 
Escarpment in the Gulf of Mexico (Paull, 1984). 
  The first formal definition of a carbonate mound appears in Toomey and Finks (1969, p. 
121) ‘‘an organic carbonate buildup, commonly of relatively small size, devoid of obvious 
bedding features, and containing a biota different from the usually bedded surrounding 
sediments’’.  ‘Classic’ carbonate mounds have been studied in great detail and provide a base for 
understanding ancient seep lithology, mineralogy, fluid flow rate, faunal composition and 
structure.  Many sites have displayed unique mineral compositions and structures beyond that of 
classic carbonate mounds such as methane cold-seeps structures. Differing seep structures are 
suspected to be derived from differing precipitation conditions (Greinert et al., 2002; Chen et al., 
2005; Reitner et al., 2005).  
As mentioned in an earlier chapter, in the initial development of a seep at a fluid source 
there are clear conduits for fluid to flow to the surface resulting in relatively high concentrations 
of reduced chemicals at the seafloor (Roberts, 2001; Cordes et al., 2010) and the development of 
seeps is considered to most commonly begin in soft substrata (Levin, 2005).  It has been 
suggested that certain clays, particularly smectite, may assist researchers in locating methane 
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fluid sources (Martin-Puertas et al., 2006). Laboratory simulations of kaolinite and smectite 
interactions with methane and natural gas standards indicate that a small percentage of the 
methane will be taken up by these clay minerals (Pflaum, 1989).  The presence of clays (eg., 
illite, kaolinite, smectite, etc.) with depleted δ13C is common in modern seeps (Pflaum, 1989; 
Martin-Puertas et al., 2006). As the seep fluids persist, carbonates precipitate out of pore waters 
as a result of anaerobic oxidation of methane and begin to stabilize the substratum (Cordes et al. 
2010).  
Carbonate formation requires > 50 µM methane concentration in fluids to form (Luff and 
Wallman, 2003).  Further, bioturbation must be < 0.2 cm/yr with low sedimentation rates at 
seeps in Hydrate Ridge of the Cascadia Ranges in the Pacific Northwest, U.S.A. (Luff and 
Wallman, 2003).  Because of the low solubility of carbonate mineral phases in aqueous solutions, 
namely marine systems above the carbonate compensation depth of the abyssal plain, many 
thousands of times the pore volume of fluid must pass through the sediment in order to cement 
pore space (Luff et al., 2004).  Whereas anaerobic oxidation of methane is considered to be 
responsible for carbonate formation in the shallow subsurface, carbonate formation deeper in the 
sedimentary section is associated with methane production (Orphan et al., 2004), gas hydrate 
formation (Kastner et al., 1990) or decomposition of organic material (Matsumoto, 1989).  
Additional factors influencing which carbonate minerals precipitate include the degree of 
carbonate saturation, the concentration of Ca and/or Mg, the presence of sulfate and phosphate, 
temperature, ρCO2, the degree of microbial activity and species types (Burton, 1993; Fernandez-
Diaz et al., 1996; Morse et al., 1997; Peckmann et al., 2001; Reitner et al., 2005; Naehr et al., 
2007).      
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As modern seeps persist, the carbonate that forms slows the fluid flux, often forcing the 
main source conduits to diverge from the original central evacuation point towards the outer edge 
of the seep, forming multiple secondary conduits (Levin, 2005). Crust formation reduces the 
supply of methane to surface sediments which imposes a strong resistance against diffusive and 
advective methane transport and therefore reduces rates of anaerobic methane oxidation and 
sulfide production.  Thus, the density and metabolism of chemosynthetic biological communities 
is limited by crust formation (Luff et al., 2004).  Three simple models were created by Mazzini et 
al. (2006) for carbonate precipitation of certain mounds and/or structures within seeps in the 
Norwegian Sea (Fig. 18).  These simple models are driven primarily by: 1) local sediment 
properties, 2) the depth of carbonate precipitation, and 3) the fluid flow rate of a seep (Mazzini et 
al., 2006).   
 
5.1.2. Carbonate Formation Variables 
Variation in the size and types of sediment in carbonate formation may inhibit the 
formation of one structure type over another.  The Pierre Shale is dominated by smectites, illite, 
and kaolinite clay (Tables 3 and 4).  Kaolinite and smectite which are the dominant clays found 
within the seep cement material are known to equally take up methane and the variation of these 
two clays within the area of investigation is limited.  Therefore, the issue of shifting sediment 
type and sediment grain size affecting carbonate formation within this Western Interior Seaway 
location is not considered to be a variable in seep structure here.   
Another variable discussed in Mazzini et al. (2006) details shifts in depth of formation in 
modern settings.   The area of seep formation within the Western Interior Basin sampled in this 
investigation is considered to have formed in the subsiding foreland basin with depths between 
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<500 m (Kaufmann, 1984) which are considered to be of shallow depth and are consistently 
shallow in this area.  Within modern analogs there is little to no variation of mineralogy based 
upon depth zone alone (e.g., mineralogy varies little at depths of <1000 m; Levin, 2005; 
Campbell, 2006).  Therefore, according to the constraints detailed in Mazzini et al. (2006) the 
structures of seeps of the Pierre Shale in southwestern South Dakota are most likely attributed to 
variation in fluid flow.   
 
5.1.3. Seep Structures 
Model C types, methane hydrate-influenced structures, are absent within the Western 
Interior due to the relatively low pressure and high temperatures in the seaway at the time of 
formation.  The maximum pressure of the basin was no greater than 20 – 25 atm based upon 
depths inferred by Kaufmann (1984), and this would require water temperatures <15°C for the 
formation of hydrates.  Temperatures at the sea bottom in this area of research are estimated to 
be ~20°C by δ18O analysis (Landman et al., 2012).  Thus, methane hydrate formation within the 
Western Interior in the Campanian was unlikely. 
The structures of seeps in South Dakota tend to resemble model types A and B from 
Mazzini et al. (2006: Figs. 18 and 19); either extremely conical in shape (type A) or trending 
vertically with narrow conduits (type B).  Seeps resembling Mazzini model type A are suspected 
to have formed through diffuse evacuating fluids and precipitated through anaerobic oxidation of 
methane on a smooth seafloor; seeps resembling Mazzini model type B formed under suspected 
higher fluid flow rates. However, the structure of seeps alone does not solely confirm a general 
fluid flow rate.  A clearer idea of ancient methane fluid flow may be able to be determined from 
the mineralogy of the seep cements. 
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Figure 19:  Schematic evolutionary model of carbonate formation from Mazzini et al. (2006). G11-A: (A) slow 
hydrocarbon seepage on smooth seafloor where microbial mats concentrate at seepage site initiating AOM; (B) 
precipitation of authigenic carbonate on the seafloor forming laterally extensive slabs; microbial mats are separated 
by aragonite rich layers; (C) sustained seepage and burst of large gas pockets that were expelled on the seafloor 
breaking through the carbonate slabs. G11-B: (A) diffused hydrocarbon seepage and formation of pockmarks on the 
seafloor; (B) precipitation of authigenic carbonate on the near subsurface; (C) formation of large carbonate deposits 
that impede the vertical seepage of fluids deviating it laterally enhancing lateral growth. G11-C: (A) gas hydrates 
aggregates concentrated at the interface between the sedimentary layers; (B) volume increase due to dissolution of 
the gas hydrates and/or beginning of seepage; (C) fluids preferentially seep vertically along tubular features and 
move diffusely horizontally along former gas hydrate layers.  
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Figure 20: A) AMNH loc. 3545, micritic clay-dominated seep along the Cheyenne River in the Baculites 
compressus Zone reminiscent of Mazzini et al. (2006) model type B structure of high fluid flow. B) AMNH loc. 
3562, a Ca-carbonate seep from the Didymoceras nebrascence Zone outside of Oral, South Dakota containing a 
relatively platy carbonate pavement with numerous secondary conduits reminiscent of Mazzini et al. (2006) model 
type A structure of low fluid flow.   
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5.2. Seep mineralogy 
5.2.1. Clays 
Ancient seep mineralogy has been described as having two general types, early and late 
‘stage’ types (Beauchamp and Savard, 1992; Campbell et al., 2002; Peckmann et al., 2002).  
Early stage mineralogy is consistently found to be clays containing varying amounts of micrite 
(Beauchamp and Savard, 1992; Campbell et al., 2002; Peckmann et al., 2002). Further, in the 
modern analog Naehr et al. (2007) found that early stage seep carbonates are micritic and seeps 
only form sparite at a later stage.  Modern seeps described in Levin’s (2005) review paper with 
bulk cement material dominated by clays represent seeps which have frequent expulsion events 
(usually of pockmark structure) and/or consistently high fluid flow rates.  Such events or flow 
rates dampen a seep’s potential for forming a carbonate cap and  thus seeps dominated by clay-
substratum containing predominately micrite are most likely representative of seeps with high 
fluid flow rates or frequent expulsion events (Levin, 2005).   
Microprobe weight percentages (oxides) of the elements along a transverse analysis of 
samples were found to be consistently low (range from ~52 – 64%) for clay-based AMNH locs. 
3503, 3504 and 3418.  Carbonate thin section transverse analysis for the same days and 
instrument settings are repeatedly found to have weight percentages  >89%, thus, eliminating the 
potential cause by mechanical error for such low reading on presumed clay-based sample 
readings.  Chemically these samples appear to include end member pyroxenes, pyrophyllites, or 
talc. However, hand samples were clearly comprised of clay and silt-sized sediment.  Such a 
disparity of counts can best be explained by water found in hydrated clays; water is not 
accounted for in microprobe analysis. Chemically, clays are hydrous silicates that with heating 
lose absorbed and constitutional waters and elementally may mimic the aforementioned minerals 
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under microprobe analysis. Microprobe clay counts in this investigation are consistent with the 
microprobe counts of hydrated clays in Ramseyer and Boles (1986), Trauth-Badaud and 
Trescases (1987), and Smit et al. (2004).   
 
5.2.2 Paragenesis of Smectite, Kaolinite and Illite Clays. 
There are important differences between clay minerals which lead to the subdivisions 
among several main groups: kaolinites, illites, smectites, and vermiculites.   Characteristic basal 
spacing, spacing between sheet silicates that make up clay structures, generally ranges from 7Å – 
14.5Å among these four groups (Deer et al., 1966).  Within each group the layer separation itself 
is variable since both swelling through the intercalation of water and organic liquids and also 
shrinkage from dehydration may occur. This investigation includes three of these groups: 
smectite, illite, and kaolinite. 
Clay minerals, in general, have composite layered structures built from components with 
tetrahedrally and/or octahedrally coordinated cations (Deer et al., 1966).  Most clays are 
comprised of platy particles in fine-grained aggregates which when mixed with water yield 
materials with varying degrees of plasticity.     The components of clay may be include: 1) sheet 
silicate minerals which by nature have plastic properties, and commonly also incorporate 2) non-
clay minerals which are considered accessory materials.   
Smectites form in sedimentary deposits, either through hydrothermal processes or 
weathering and erosion, often associated with petroleum reservoirs that only form in relatively 
shallow depths (Deer et al., 1966).  In addition, these and other smectite clays are often 
 74 
 
associated with varying amounts of secondary minerals such as quartz, feldspars and zircons 
(Deer et al., 1966).   
Continued wave action on smectite may lead to the formation of kaolinite clays (Deer et 
al., 1966). However, the principal occurrences of kaolinite are in residual deposits produced by 
weathering or low-temperature alteration of feldspars, muscovite and other Al-rich rocks from 
which K is leached away (i.e. granites, rhyolites, quartz diorites) (Deer et al., 1966).  Where K is 
not lost, illite, rather than kaolinite, may form. 
The chemical composition of clays may vary according to the extent of replacement of Si, 
Al, and Mg by other cations, water content, and the nature and quantity of interlayer cations 
(Deer et al., 1966).  The clay minerals are the main constituents of argillaceous sediments; 
mudstones and shales which is the primary composition of the Pierre Shale (Grimm, 1961).  Clay 
deposits are usually generated through weathering and erosion or hydrothermal processes, 
different clays resulting from physico-chemical conditions in the water body and the nature of 
parent materials but also may simply have been transported into the Western Interior Basin.  
Considering the proposed origins of dominant clays found in this investigation, one may 
wonder if there is potential for hydrothermal alteration within the seep assemblages of the Pierre 
Shale, South Dakota?  The paragenesis of smectites would suggest this as a possibility.  However, 
previous investigations examining the δ18O of seep carbonates in the area of investigation show 
that these deposits were formed at ambient water temperature without hydrothermal influence 
(Dahl, 2005; Landman et al., 2012).    Further, hydrothermal vents, commonly found near 
volcanically active places, areas where tectonic plates are moving apart, ocean basins, and 
hotspots, are igneous rock-hosted chimneys (Kelley et al., 2001) which are not present in the 
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Western Interior assemblages.  Thus, by such information we should be assured that the clay 
sediments of this investigation are most likely reflective of continued weathering and erosional 
activity rather than hydrothermal activity.   
 
5.2.3. Carbonates  
Naehr et al. (2007) reviewed numerous worldwide publications and found that a wide 
variety of carbonate compositions were not an indication of certain specific tectonic or 
geochemical conditions (i.e., high Mg/Ca ratios favor the precipitation of aragonite over Mg-
carbonate; Burton, 1993; Morse et al., 1997) but were reflective of local controls on fluid flux 
resulting from faults, fluid conduit size, the presence or absence of hydrates and the temporal 
evolution of the carbon reservoir.  It has also been found that dolomite precipitates in association 
characteristic of a zone of methanogenesis and reflective of higher, rather than depleted, δ13C in 
some locations (Sample and Reid, 1998; Greinert et al., 2001; Orphan et al., 2004) and is 
reflective of fluid flux rates in others (Klum and Suess, 1990).  Within this investigation the main 
controlling factor appears to be fluid flux rates above all other factors.  Therefore, modern seep 
mineralogical investigations focusing on fluid flow rate will be utilized for comparison to the 
mineralogical results of this investigation. 
 
5.2.4. Carbonate Mineralogy as Proxies for Fluid Flow Rate 
In Monterey Bay, California, it was found that high Mg-carbonate is precipitated near the 
sediment surface with a relatively slow upwards flux of hydrocarbons and methane (Levin et al., 
2003).  Luff and Wallman (2003) found that moderate fluid flow in the Cascade Margin, Oregon, 
produced aragonite; however, upon burial aragonite is quickly dissolved and transformed into 
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more stable calcite at depth and Mg-rich carbonates are formed with a further reduction in fluid 
flow.  Methane emitted at relatively low rates from mud volcanoes in the Mediterranean also 
produced high-Mg-carbonate near the seafloor (Aloisi et al., 2000).   
Results of investigations into late ‘stage’ type carbonate mineralogy of ancient seeps have 
varied; aragonite, Ca- and Mg-carbonate and Mn-carbonate have been found in ancient seeps 
worldwide (Beauchamp and Savard, 1992; Campbell et al., 2002; Peckmann et al., 2002).  
Nonetheless, all late ‘stage’ type seeps in the aforementioned investigations lack micrite. 
 Therefore, in considering the mineralogical findings of the modern seep analog and other 
ancient seep investigations, 1) micrite is consistently found in clay-dominated seeps and is 
considered to occur with a high fluid flow rate, 2) aragonite (transforming to calcite upon burial) 
most likely forms under moderate flow rates, and 3) the presence of Mg-carbonate and/or 
dolomite suggests formation under the slowest of fluid fluxes.   
The precipitation of carbonate in methane cold-seeps is attributed to the role of varying 
microbial communities in the anaerobic oxidation of methane, most commonly, coupled with the 
reduction of sulfate (CH4 + SO4
2-
 → HCO3
-
 + HS
-
 + H2O).  Methane could not entirely be processed 
without the availability of sulfur; without sulfur, the oxidation of methane would cease and thus 
sulfate mineralogy as potential proxies for fluid flow rate should be addressed. 
 
5.2.5. Sulfur Minerals 
Sulfate has been proposed to be the terminal electron acceptor, a positively charged entity 
that accepts electrons transferred to it from another element or compound, in the zone of 
anaerobic oxidation of methane (Iversen and Jørgensen, 1985).  Sulfide, one product of 
anaerobic oxidation of methane, accumulates in concentrations almost equivalent to those of 
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sulfate consumed in modern seeps (Boetius et al., 2000, Fig. 21).  Intense sulfide production 
explains the occurrence of sulfide-based Beggiatoa and Calyptogena communities at the Hydrate 
Ridge, the Gulf of Mexico, and numerous other locations worldwide.   
In Hydrate Ridge, Oregon, modern sulfate reduction rates at cold-seeps were extremely 
high in sediments covered by Beggiatoa mats, often reaching more than 5 mmol cm
 -3
 d
-1
 in the 
surface sediments (Boetius et al., 2000; Fig. 20). Integrated over the upper 15 cm, the resulting 
sulfate reduction rate was found to be 140 mmol m
-2
 d
-.1
. This is considered the highest value 
ever measured in cold marine sediments according to Boetius et al. (2000). Therefore, at Hydrate 
Ridge, it was determined that sulfate reduction is fuelled by high methane fluxes and organic 
deposition from surface waters is not a significant substrate source for sulfate-reducing bacteria. 
A similar phenomenon was observed at gas seeps in the Gulf of Mexico, where 600-fold higher 
sulfate reduction rates were measured at methane seeps compared to reference stations
 
(Aarhon 
and Fu, 2000).  
The presence of massive mat communities has often acted as visual evidence for a direct 
link between the processes of methane and sulfate turnover.  However, given the nature of the 
labile tissue comprising Beggiatoa, rarely are these organisms evidenced in the rock record.  
Thus, estimating fluid flow rate on the extent of a microbial mat fossil assemblage is an 
impossibility.  Further, lamination of mats may also be misinterpreted, particularly where 
preservation is less than optimal. Recent advances in lipid geochemical analysis have led 
investigators to determine the presence of varying phylogenies of bacteria through the presence 
of specific biomarkers in digested carbonate samples from both ancient seeps by using modern 
seep analogs (Theil et al., 2001; Peckmann and Theil, 2004; Birgel et al., 2006; Birgel and 
Peckmann, 2008). Two samples containing laminations characteristic of microbial mats were 
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sent for lipid geochemical analysis at the University of Vienna, Austria, and rendered no usable 
data due to diagenesis and therefore the presence of either aerobic or anaerobic bacteria was not 
able to be determined (personal communication, Peckman, May 2012).  However, there is 
potential for the presence of sulfide minerals to help constrain relative fluid flow in the ancient 
analog.  
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Figure 21: (As taken from Boetius et al., 2000) Crosses, porewater sulfate concentrations (bottom axis); 
open circles, porewater dissolved sulfide concentrations (bottom axis); filled circle and filled square, concentrations 
in overlying bottom water of sulfate and sulfide, respectively. Columns with error bars show average values of 
sulfate reduction rate.  
  
 80 
 
 
Barite is often considered to represent a conspicuous mineral within sediments at the 
boundary between the sulfate-rich and sulfate-depleted solution zone in modern seeps (Fu et al., 
1994; Aliosi et al., 2004).  Although Ba in aluminosillicates is typically immobile during marine 
diagenesis, the Ba in barite is susceptible to fluctuations of sulfate in pore waters (Dickens, 
2001).  Dickens (2001) suggested that the variations in Ba at methane cold-seeps in Blake Ridge, 
off the Georgia Coast, USA, may be causally related to the evolution of pore water.  Further, 
modern barite build-ups over several meters high, often associated with hydrothermal events, 
were found to have formed in ambient water temperatures in the Derugin Basin of the Sea of 
Okhutsk, Russia (Greinert et al., 2002).   Greinert et al. (2002) determined that barium was 
transported as sulfide when oxidized by microbial action.  Within these same seeps, pyrite 
crystals constituted ~1% in the barite fabrics and detailed analysis of micrite and carbonate 
fabrics contained authigenic precipitation of barite.   
Also within the Sea of Okhutsk, Russia, Aloisi et al. (2004) found that at a low seepage 
rate (0.14 cm/yr), all of the rising barium is consumed by precipitation of barite in the 
sedimentary column.  Numerical experiments were conducted to investigate the response of the 
diagenetic environment to variations of hydrological and biogeochemical conditions.  It was 
found that relatively low rates of fluid flow (<~5 cm/yr) promote the precipitation of up to 26 wt% 
of barite and calcium carbonate throughout the uppermost few meters of the sedimentary column 
while a more vigorous flow (ranging from 20 – 110 cm/yr) result in the formation of barite-
carbonate crusts near the sediment- water interface.  Competition between barite and methane for 
sulfate controls the mineralogy such that low dissolved methane/barium ratios allow for the 
precipitation of barite-carbonates while at high methane/barium ratios the sulfate availability is 
limited by the anaerobic oxidation of methane and calcium-carbonate precipitation prevails. 
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Further, Torres et al. (2001; Fig. 22) found a direct correlation to the increased fluid flux rate and 
increase incorporation of Ba in shells in the Monteray Canyon and Cascade Margin of the Pacific 
Northwest, USA.  Evidence from such prior investigations suggests that there should be an 
increase in the quantity of sulfate minerals, particularly barite, at seep locations where fluid flow 
rate was higher.  Thus, the relative abundance of sulfate minerals, particularly barite, in seep 
cements may serve as a proxy for fluid flow rates and methane seepage within ancient seeps and 
warrants further investigation. 
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Figure 22: From Torres et al. (2001) depicting 
the fluids collected over sites of active fluid 
discharge, all showing evidence of dissolved 
sulfide and barium level enrichment correlates to 
an increase in methane discharge at these sites.  
 83 
 
In general, clay-dominated seeps had higher counts of SO2 and BaO than carbonate-
dominated seeps; there is a statistical significance (p ≤ 0.05) in the counts of sulfide in AMNH 
loc. 3503 in particular.  AMNH loc. 3503 had excessively high amounts of sulfide in comparison 
to the other clay-dominated assemblages (Appendix I).  Though the Western Interior seep 
assemblages’ physical evidence suggests that carbonate pavements form within ~15 cm of the 
sediment-water interface, the potential for the remobilization of Ba due to exposure to sulfate-
depleted pore waters during carbonate formation cannot be excluded. This may explain why 
there is essentially no sulfide minerals found in carbonate-dominated cements.  A second 
consideration for the disparity of sulfide and Ba counts between clay-dominated seeps and 
carbonate-dominated seeps may simply be exposure to varying conditions of erosion and 
weathering post formation (recent exposure). Further investigation of sulfide minerals of seeps 
assemblages, particularly in clay-dominated cements, is warranted to determine if the presence of 
barite in ancient seeps is reflective of varying fluid flow rates. 
 
5.2.6. Mineralogy, Seep Structure, and Stages of Ancient Seeps  
With the build-up of carbonate pavements at a seep, secondary conduits form, leading to 
a reduction of the flow of methane to the sediment-surface interface (Levin, 2005).  This 
reduction in fluid flow allows for the shift in mineralogy in addition to changes in the physical 
structure.  Klum and Suess (1990) found that a less energetic flow was reflected in the carbonate 
mineralogy, either Mg-rich or dolomitic, but also contained a chaotic framework of secondary 
conduits, carbonate pavements and multiple vents.  Further, single, well-defined conduits were 
produced by fairly energetic, but not expulsive, fluid flow rates (Klum and Suess, 1990).  Thus, 
in addition to structural changes, the mineralogy of a seep correlates with fluid flow rate.   
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Electron dispersive spectroscopy and microprobe analysis show that several locations 
contain relatively greater amounts of clay than carbonate material (carbonate contained is 
micrite); AMNH locs. 3420, 3418, 3386, 3488, 3489, 3503, and 3504 (Table 3).  Of these 
locations, three are notably vertical trending containing little to no carbonate pavement and a 
distinctive micritic conduit reflective of Mazzini model B type (Figs. 19 and 20): AMNH locs. 
3418, 3503, and 3504.  The remaining clay-dominated AMNH localities were poorly exposed on 
the surface but often contained secondary conduits and their shape, trending towards conical, 
suggests a shift in structure between types A and B (Figs. 19 and 20).  These locations’ minor 
mineral components have a notable increase in carbonate as compared with other clay-dominated 
seeps, most likely due to carbonate cap formation (Table 3). The increase in carbonate may have 
resulted in the reduction of fluid to the near sediment surface allowing for the shift in structural 
type.  Further, microprobe analysis shows that AMNH locs. 3420 and 3386 contain more 
carbonate material than could be shown on electron dispersive spectroscopy.  Therefore, these 
seep assemblages, which were poorly exposed at the surface, may be progressing towards type A 
based upon their general mineral content.  The remaining eighteen seeps analyzed with electron 
dispersive spectroscopy contain either Ca-carbonate or Mg-carbonate and minor amounts of 
clays with the exception of AMNH loc. 3419 (quartz).  These assemblages, when well exposed, 
are conical in shape and reminiscent of Mazzini et al. (2006) type A structures.   
The term stage is often used in both modern and ancient seep analysis and it gives the 
reader an illusion that all seeps may fall into a natural progression of growth throughout their 
duration of emission at a seep.  This is not necessarily true.  Evidence found within the present 
study shows that the stage of a seep is in fact contingent on fluid flow at the time of preservation 
and that outside of the Didymoceras cheyennense Zone, this progression of development seen in 
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this biozone, is almost certainly not the norm within this area of the Western Interior Basin.  
Simply, there is more variation in fluid flow during the Didymoceras cheyennense Zone than in 
the Baculites scotti – Didymoceras nebrascense and Baculites compressus Zones and that a seep 
structure and mineralogy is more representative of a fluid flow rate rather than a stage of 
maturity.   
Based upon seep mineralogy and structure three basic development categories of a seep 
are present: 1) a high fluid flow-type which is dominated by clays with low amounts of micrite, 
and contain a simple central micritic conduit, 2) a moderate fluid flow-type which is commonly 
dominated by clays with increasing levels of carbonate and contains a central micritic core with 
few to many core pipes branching away from the main core, 3) a low fluid flow type which is 
dominated by either carbonate and/or Mg-carbonate with minor clay minerals whose structure is 
clearly conical or horizontally-dominated, wider rather than tall.  Further, where seeps are poorly 
exposed mineral analysis may assist in determining a relative fluid flow rate.  Where mineral 
preservation may be poor or compromised, the seep’s apparent structure may assist in inferring 
fluid flow rate as well. 
 
5.3. Spatial Patterns in Seep Types 
 
 Most likely due to the concentric exposure of biozones surrounding the Black Hills, there 
is a relative shift from north to south in the stages of development of seeps (Fig. 15; expanded 
discussion in section 5.3.1.).  The northernmost area contains only Mg-carbonate seeps.  As one 
moves in a southern direction through the area of investigation, these seeps shift to strictly 
kaolinite-dominated and finally smectite-dominated in the most southern area.  This pattern, if 
not directly related to exposure itself, is most likely reflective of fluid flow rates within specific 
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time perios (e.g., Baculites scotti – Didymoceras nebrascense Zones are dominated by moderate 
flow rates). 
Seeps that exhibit a higher frequency of moderate fluid flow are from the Didymoceras 
nebranscense Zones (Figs. 14 and 15; northernmost); seeps exhibiting slow to moderate fluid 
flow, predominantly, are found within the Didymoceras cheyennense Zone (Figs. 14 and 15; 
central); seeps exhibiting the occurrence (33%) of high fluid flow rates, are found predominantly 
in the Baculites compressus Zone (Fig. 14 and 15; southernmost).  This shift in development and 
fluid flow is reflective of either 1) simple exposure from uplift of the Black Hills, 2) fluid source 
changes and/or tectonics, or possibly 3) a regressive event during in the Western Interior during 
the Upper Campanian. 
 
5.3.1. Black Hills Uplift and Sequence Exposure 
 It was during the Late Cretaceous that the Black Hills began to uplift and this continued 
into the Early Tertiary (O’Hara, 1933).  This area was the scene of active erosion which assisted 
in laying out the current topography before the onset of the Oligocene (O’Hara, 1933).  The 
concentric exposure of varying biozones due to this uplift may explain the spatial trends in 
mineralogy and seep development.  However, this alone does not explain why there are only 
moderate fluid flow type seeps (calcite reflective of moderate flow) found within the 
Didymoceras nebranscense Zones and no other fluid flow development type (Figs. 14 - 16).  
Further, the Didymoceras cheyennense Zone seeps in the area of Creston, near the Rail Road 
Buttes, contains both Mg-calcite and calcite, reflective of moderate and low flow rates.  The 
geologically youngest and most southerly seeps in the Baculites compressus Zone are both 
carbonate-dominated and clay-dominated reflective of moderate to high flow rates (Figs. 14 - 16).   
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Such shifts in flow rate may be a result of the movements of faults potentially shutting off, 
slowing down or allowing for amplified fluid flow during different time periods.  Further 
research is needed to determine if the distinct pattern emerging is a result of faulting, exposure or 
simply preservation.  However, it has been suggested in recent investigations that sea level may 
play a role in the activation of fluid flow in modern seeps. 
 
5.3.2. Sea level changes and Methane Emission  
In modern seep analogs,  methane fluid flow along margins is commonly influenced 
through sub-seabed sediments worldwide (Plaza-Faverola et al., 2011; Hill et al., 2012; Riboulot 
et al., 2013).  However, the governing controls and timing of the fluid release have been difficult 
for researchers to understand, particularly in features below the sub-surface sediments.  Links 
have been made between fluid flow and glacial cycles in regards to glacial deposits and changes 
in sedimentation rates during de-glaciation.  Within the Nyegga Complex of Norway it was 
found that the emplacement of thick sequences of glacial debris during maximum stages of 
glaciation were the most likely cause of a rapid overpressure and formation of fluid flow features 
(Plaza-Faverola et al., 2011).  Hill et al. (2012) concluded that there was a significant increase in 
methane fluid flow in the Storegga Slide complex on the Norwegian margin between 13 and 15 
ka which was consistent with a change in pressure regime due to enhanced sedimentation during 
deglaciation.  The changes of overburden pressure as a result of sea level changes were found to 
influence pockmark formation off the coast of Nigeria (Riboulot et al., 2013).  In such cases the 
aforementioned authors have suggested that the overburden pressure from an increase in 
sediment deposition may allow for increased fluid flow or dissociation of hydrates from within 
the underlying substrata (Fig. 23).   
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Figure 23: Simplification of the role of loads and their influence on fluid flow as discussed in the Nyegga 
Complex and the Nigerian Coast. 1) Early onset of a load burden on underlying bedrock reflective of 
little flexure, 2) Flexure of bedrock over time with overburden pressure of a load, A) simplification of 
plate to plate isostacy, B) light load and flexure of underlying plate, and C) increased load of sediment 
deposits increase overburden pressure on underlying plate/bedrock (Plaza-Faverola et al., 2011).  
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Sequence stratigraphy, a powerful and predictive tool, allows sedimentary geologists and 
stratigraphers to place strata into a chronographic framework.  Successful analysis of layers 
depends on the identification and correlation of sequence boundaries, maximum flooding 
surfaces, and/or progradational surfaces along large areas.  Within the Western Interior Basin the 
sedimentary record along the western shoreline of the basin consists of a series of seaward-
stepping clastic wedges which are inter-tongued with limestone and marine mudstone (Krystinik 
and DeJarnett, 1995). The highest stand of global sea level during the Mesozoic occurred during 
the Turonian, ~91 Ma, and was followed by a large, first-order regression (Vail et al., 1977) that 
continued throughout the remainder of the Cretaceous and into the Tertiary (Haq et al., 1988).  In 
the Campanian to the early Maastrichtian, the long-term sea level was relatively high and 
remained relatively constant (Fig. 25).  The eustatic global sea level curve, developed by Haq et 
al. (1988) from seismically-derived onlap patterns (transgressive deposits), indicated the 
presence of seven third-order eustatic changes during the same time (Figs. 24 and 25).    
Because of the proliferation of excellent exposures and abundance of subsurface data 
from resource exploration within the Western Interior Basin, several hundred papers have been 
produced and published on the stratigraphy and sedimentology of the area related to the present 
study.  Krystinik and DeJarnett (1995) were able to compile such data and correlate those 
findings with a detailed biostratigraphic control.  Their work emphasizes the importance of local 
tectonic events on sea level as these events caused large unconformities depicting both localized 
regressions and transgressions during times of  rapidly falling global sea level (Figs. 24 and 25).   
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Within the Western Interior Seaway, a regionally extensive, but not basin-wide, 
transgressive event occurred ~73.5Ma (Baculites compressus Zone) as seen in Krystinik and 
DeJarnett’s (1995) Sections A, B, F, and G of Figures 24 and 25. This transgressive event is not 
seen within Section D and E, where a local erosion event had occurred; nor in Section C, where a 
progradational to aggradational formation (Ericson/Teapot Formation) was deposited.  This 
transgressive event correlates to some degree with Haq et al.’s (1988) 73.5 Ma short-term 
eustatic curve (Krystinik and DeJarnett, 1995). The deposition of the Erikson/Teapot Formation 
was interpreted by Krystinik and DeJarnett (1995) to be related to a local structural uplift due to 
the continuous faulting and evolution of the Western Interior Basin during the Laramide and 
Sevier Orogenies.  Such events generated local sub-basins and intervening uplifts, such as the 
uplift of the Black Hills.  Krystinik and DeJarnett (1995) further concluded that though these 
sub-basins did not act as separate and isolated entities within the seaway, they may have acted as 
separate areas of accommodation change.  Thus, a locally derived change in sedimentary 
deposition rates within this area must be considered. Further research is needed to determine 
whether the correlation between stages is due to local sub-basin transgression-regression pulses 
that directly influence sediment loading, as suggested by the literature of modern analogs or due 
to tectonics influencing the ability of fluid sources to flow at varying rates (i.e., fluid shut-off/on 
mediated by faulting).  
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Figure 24: Campanian to early Maastrichtian chronostratigraphic correlation chart, New Mexico to Alberta (Krystinik and DeJarnett, 1995). Zones of this investigation 
are highlighted. 
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Figure 25: Campanian to early Maastrichtian chronostratigraphic correlation chart, New Mexico to Alberta, with formation names removed and sequence stratigraphic 
interpretations of Krystinik and DeJarnett (1995). Zones of this investigation are highlighted. 
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CHAPTER 6: MACROFAUNAL SUCCESSION 
 
6.1.1. Faunal Composition 
 
The geologic instability of hydrothermal vents and cold seeps on a decadal time scale can 
cause complete destruction of ecological communities in modern settings.  It is often considered 
that the recovery of disturbed seep assemblages depends on a few factors: 1) the distance from 
neighboring populations operating as larval sources, 2) successful colonization, and 3) intra- and 
inter-specific interactions (Shea et al, 2009).  Despite the presumed frequency of such events 
there have been only three opportunities recording the disturbance and subsequent preliminary 
community succession (Haymon et al., 1993; Shank et al., 1998). Therefore, sufficient data for 
quantitative models of colonization and succession are not yet available for modern vent or seep 
communities but robust conceptual models are being developed (Shea et al., 2009). 
It has been found that faunal communities inhabiting hydrothermal vents and methane 
cold-seeps are nearly identical at depth (Levin, 2005; Campbell, 2006). This implies that the 
composition of inhabitants of hydrothermal vent and methane cold seep communities vary 
between each, however, both vent and seep communities show a depth-related change in their 
ecological structure.  Thus, in both modern and ancient analogs, with increasing depth the 
proportion of taxa which live exclusively in seep environments (obligate) increases while the 
proportions of non-obligate organisms decrease (Carney, 1994; Sibuet and Olu, 1998; Levin et 
al., 2000; Sahling et al., 2003; Cordes et al., 2007).  
The same shift in depth related faunal composition is evident from the shallow shelf 
setting to the outer shelf in late Mesozoic seep assemblages (Keil, 2010). However, Keil (2010) 
found that there is no shift within the slope setting like their modern counter parts which suggest 
a shift between all three depth zones.  It is hypothesized that this disparity is due to the fact that 
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many Mesozoic seep communities are on the continental shelf below the photic zone due to high 
sea levels.  It is also suggested by Keil (2010) that this shift in community structure is a general 
feature of seep fauna which is independent of the taxa which express these patterns.  The depth 
and locations of the seeps in the Pierre Shale in South Dakota were formed no deeper than 200 – 
250 m and were at least 250 km from the shoreline (Landman et al., 2010).  Therefore, any shift 
in faunal composition would reflect how developed a community is rather than depth-related 
faunal composition changes. 
As fluid is first expelled from a seep in its incipient stage, the initial foundation species 
begin to inhabit the physical structure (Cordes et al. 2010).  The initial structure soon develops 
into a diverse community of associated fauna, continuously growing in size and diversity as the 
seep output persists and soft substratum shifts to hard substratum (Cordes et al., 2010; 
Vrijenhoek, 2010).   
The relationship between diversity and habitat has been the focus of investigation in 
many areas of modern ecology.  The trajectory of successional change can be influenced by site 
conditions, by the character of perturbations, and by the interactions of inhabiting organisms. 
Some of these factors contribute to predictability of succession dynamics while others add more 
probabilistic elements.  In general, communities in early succession will be dominated by fast-
growing, well-dispersed species (foundation organisms) which tend to be opportunistic. As 
succession proceeds, these species will tend to be replaced by more competitive species. 
In modern seep and vent environments, Bergquist et al. (2003) found that there was a 
trend toward increasing numbers of species with increasing habitat size and habitat complexity.  
Furthermore, seep foundation organisms dominated the early stage seep communities, but non-
foundation organisms or later stage species dominated communities of older seep communities.  
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The relative dominance of primary consumers decreases while the secondary predators 
(secondary inhabitants) and higher-order consumers increase with the persistence of fluid at a 
seep and the seeps’ shift from soft substratum to carbonate hard substratum as carbonate 
precipitates through anaerobic oxidation of methane.  There are no seep assemblages in our 
investigation where secondary inhabitants are more abundant than foundation organisms. 
Ancient seeps of our investigation differ from their modern counterparts in that unlike the shift 
towards dominance of secondary inhabitants with continued persistence of seep fluids in modern 
seeps, one or more of the foundation organisms always dominates in the ancient seep 
assemblages. 
 
6.1.2 Foundation Organism – Dominated Seeps 
In seeps dominated by both smectite and kaolinite clays and are structurally simple, the 
foundation organisms constitute >68% of the total number of organisms found within the 
assemblage and the average density, number of species, of these seeps is 13.7.  Secondary 
organisms are found in quantities no greater than 2% of total organisms.  Such secondary 
organisms include, but are not limited to, echinoderms, ammonites, oysters, sponges and 
gastropods. Given the dominance of clay-based substratum, particularly smectite, the seeps 
containing these clays, which are also dominated with foundation organisms and containing <2% 
secondary organisms, are reflective of a foundation stage. The development of seep ecosystem 
attributes, namely the shift from clay-based soft substrata to carbonate hard substrata, further 
influences faunal changes. Such shifts in faunal assemblages may first be thought of as 
successional stages but are reflective of general fluid flow and substrate type.  A second ‘stage’ 
based upon an initial shift from clay-dominated soft ground with increased amounts of carbonate 
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exhibits an increase in diversity and usually reflects a decrease in the number of foundation 
species with an increase in the number of secondary organisms.   
 
6.1.3. Oyster-dominated Seeps 
  
         The secondary organism dominating several clay-based seeps is the oyster Agerostrea 
falcata (4 - 16.8% of total organisms).  These seeps show a distinct drop in the percentage of 
foundation organisms (28 - 57% of total organisms) and the average number of species increases 
to 15.4.   
Oysters are often considered to be a keystone species, an organism which directly affects 
the structure and/or habitat and food chain of an ecosystem, either positively or negatively (Hall-
Spencer and Moore, 2000).   Oysters are known to help establish a firmer substratum which 
allows other fauna that require a hard substratum to move into the environment (Raj, 2008).  
Furthermore, numerous extant oyster species are considered opportunistic organisms (Ruiz et al., 
1992). 
There are a number of factors involved in the stability of Recent oyster communities such 
as temperature, salinity, and food supply (Galstoff, 1964; Ingle, 1950). Both modern and ancient 
oysters, all of which are sessile organisms, require low sedimentation to avoid burial, and thrive 
well in both fully marine to brackish conditions (Bergquist and Cobban, 1957; Feldmann and 
Palubniak, 1975).  Within the Fox Hills Formation, Waage (1968) stated that oyster settlements 
appear to prefer coarser, firmer sand bottoms as opposed to mud and silt-based seafloor bottoms.  
Furthermore, oyster - dominated assemblages are found in the cements of seeps that also contain 
relatively high amounts of clays suggesting that these seeps were shifting towards a lower fluid 
flow.  Given the shift in mineralogy, the increase in species density, and the increase in 
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secondary organisms, namely opportunistic oysters, these seeps may be considered to represent a 
seral stage.   
Within this investigation, as the seeps continue to evolve structurally, displaying 
increased structural complexity with a shift in height to weight ratios and an increase in the  
number of secondary conduits, and the substrate shifts towards more carbonate-dominated 
cement, there is a shift from oyster-dominated to a gastropod-dominated environment with 
continued reduction in apparent fluid flow from high to moderate.  Seeps which are gastropod-
dominated reflect the highest diversity, D, J and S; ecological successions exhibiting such 
attributes may be considered to be a climax stage but here is considered to reflect a moderate 
fluid flow.   
 
6.1.4. Gastropod-dominated Seeps  
In seeps dominated by gastropods, namely Drepanochilus and Oligoptycha (4 - 10% of 
total organisms), the number of species increases to 17.5 and cements are composed of hard, 
carbonate-dominated substrata.  There is a notable decrease in oysters (0.5 - 4.5% of total 
organisms), most likely due to the increase of gastropod predators. Foundation organisms 
average 40 - 69% of the total organisms. Though there is no general decrease in total percent of 
foundation organisms in these gastropod-dominated seeps compared to oyster-dominated seeps, 
there is still a considerable decrease from seeps considered to be in a foundation stage.  
The influence of habitat structure on gastropods is a particularly popular field of research. 
Research has shown that there are different relationships between habitat structure, namely soft 
versus hard ground environments, and gastropod abundance (Stoner et al., 1995). Within a local 
environment, there is a strong influence of substratum complexity, soft or hard substratum, on 
Paleoecology of Late Cretaceous methane cold-seeps of the Pierre Shale, South Dakota  
 
98 
 
the distribution of gastropods (Beck, 2000). Numerous studies have found that, in general, 
complex habitats exhibit the highest density and abundance of gastropods (Costil and Clement, 
1995; Beck, 2000).  In the seeps investigated, all gastropods are either carnivores or detritovores 
suggesting with the shift from soft substratum to hard substratum and the subsequent increase in 
species density not only created a preferred habitat but provided an abundant source of food for 
gastropods.  This increase in gastropod density and diversity indices coupled with a shift to hard 
ground is reflective of what some may consider a climax stage reaching peak ecological maturity 
and stability.  However, in seeps exposed vertically, there is no shift in structure and mineralogy 
seen suggesting that fluid flow regimes changes occur regularly which would lead to faunal 
succession stages.  Therefore, within this investigation seeps which are found to be gastropod-
dominated are condidered to reflect a moderate to low fluid flow rather than a climax stage. 
Classical ecological theory states that succession stops when the ecosystem has arrived at 
an equilibrium or steady state.  Barring major disturbances, such as methane fluid flux shutdown, 
an ecosystem should persist indefinitely. However, seeps in this investigation show an additional 
faunal shift with a reduced diversity, D, J, and S and a shift to another secondary organism 
dominance - an ammonite-dominated assemblage.  The Poly-climax Theory was suggested by 
Tansley (1935).  It proposes that the climax in a region consists of more than one climax often 
controlled by the availability of nutrients, changes in topography or slope exposure, destructive 
perturbations, and animal activity.   
  
6.1.5. Scaphitid-dominated Seeps 
         The scaphitid-dominated seeps contain 50 - 96% foundation organisms of total organisms 
with an average density of 9.  These seeps are almost entirely composed of calcite and Mg-
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calcite, are structurally complex and secondary organisms are dominated by hoploscaphitids.  
Seeps containing a higher percentage of ammonites, other than baculites, predominately 
hoploscaphitids (ammonites other than baculites constituting 8% and 27% of total organisms for 
late and final stages respectively; Fig. 2) with higher densities (>4) may be considered by some 
to be late stage.  However, in this investigation is considered to be solely reflective of an 
extremely low fluid flow.  Seeps containing very low percentages of baculites (0.73%, 1.6%, and 
7% of total organisms, Fig. 25), with densities less than or equal to 4 could be considered by 
some to be a final stage.  However, here these seeps are considered to have little to no flow at the 
time of burial.  In seeps which are foundation -, oyster -, and gastropod - dominated there is a 
relative consistency in the total percentage of hoploscaphitids (?) (<4% of total organisms; Fig. 
2).  However, there is a noticeable increase in the percentage of hoploscaphitids in carbonate-
dominated seeps which are structurally complex (~9 – 13% of total organisms; Fig. 25). 
Whittaker et al. (1987) noted that the isotopic composition of well-preserved scaphites 
was more similar to benthic inoceramids than to that of baculites.  There is a common 
association of scaphites and other benthic organisms, suggesting that scaphites preferred an 
oxygen-rich sea bottom environment within the Western Interior Seaway (Tsujita and 
Westermann, 1998).  Baculites, in addition to having a much broader geographic range, are 
considered to have inhabited depths much higher up in the water column and were more tolerant 
of anaerobic or stressed environments than scaphites (Byers, 1979).     
Landman et al. (2010) made inferences about the mode of life of scaphites based upon 
morphology, in analogy to modern cephalopods.  Landman et al. (2010) determined that due to 
the absence of certain muscle scars on the inside surface of shells, scaphites were weak 
swimmers. They may have been limited to swimming backwards and downwards; swimming 
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relatively efficiently in low energy environments as juveniles with hydrodynamic efficiency 
decreasing with the uncoiling of the body chamber at maturity.   Thus, Landman et al. (2010) 
suggested that the decrease in swimming ability of scaphites may have prevented them from 
migrating long distances and they may have exploited a low-energy lifestyle remaining at a 
single locality for an extended amount of time.  
Supporting morphological evidence for scaphites remaining in one locality is derived 
from Jacobs et al. (1994) who documented subtle differences between adult shells of Scaphites 
whitfieldi from two regions in South Dakota and Wyoming that represent the same age.  These 
specimens were located approximately 225 km apart.  The differences in shape suggest that the 
two populations did not intermingle.  The habitat of scaphites has also been determined through 
isotopic analysis (Forester et al, 1977; Tourtelot and Rye, 1969; Rye and Sommer, 1980; Wright, 
1987).  Cochran et al. (2003) analyzed strontium isotopes in Hoploscaphites nebrascensis from 
varying biofacies; strontium ratios from a single biofacies are similar to each other but different 
from samples from other biofacies.  Therefore, H. nebrascensis did not migrate among biofacies 
(Cochran et al., 2003).  Light isotope analyses of shell material suggest that these organisms may 
have spent their entire lives in or near cold seeps which may have served as oases in a less 
hospitable environment (Landman et al., 2012).   
The percentage of baculites remains relatively constant through all relative fluid flows 
(Fig. 26).  However, the number of scaphites remains consistently low until there is a substantial 
reduction in fluid flow and an increase in structural complexity which may be due to the build up 
of carbonate pavements thus forcing the diffusion of methane fluid flow outwards and away from 
the main conduit (Fig. 26).  This diffusion of fluid flow suggests that the level of oxygen of these 
seeps was higher and provided a more hospitable environment for oxygen-dependent organisms.  
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This rise in oxygen availability may also correlate with an increase in food abundance.  Thus, a 
distinct increase in ammonites, particularly of scaphites, in combination with large carbonate 
pavements with structural complexity, high base to height ratios with numerous secondary 
conduits, is reflective of an extremely low fluid flow. 
The question remains as to whether all seeps will go through or have the potential to go 
through each stage of faunal succession?  Simply, no.  We do not propose that all seeps could 
achieve all stages of succession; stages of a seep (e.g., early, late, final, etc.) are determined 
through a variety of local factors such as fluid flow rate, duration of fluid flow, tectonic events, 
sulfate availability and numerous others.  Such a classification of a potential faunal succession 
laid out would be based upon an ideal scenario which is not seen in the seeps included in this 
investigation.  
Based upon the faunal diversity and dominant mineralogy of seeps we propose that there 
are four faunal communities associated with structural types and apparent fluid flow rates in Late 
Campanian methane cold-seeps of the Western Interior Basin.  Foundation organism – 
dominated seeps are based in soft substrata and are dominated by baculites, lucinids, and 
inoceramids and exhibit low diversity and poor evenness of species and are of simple structural 
complexity; greater height to base ratio with no to few secondary conduits.  Oyster - dominated 
seeps show a small increase in diversity, exhibit an increase in oyster species, and tend to have a 
clay-based, soft substratum with increasing amounts of carbonate material a notable increase in 
structural complexity, namely high height to base ratio with an increase in the number of 
secondary conduits.  Gastropod - dominated seeps are carbonate-dominated and also have an 
additional increase in diversity, show a decline in oyster species, but an increase in the number of 
carnivorous gastropods and there is a greater width to height ratio with numerous secondary 
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conduits.  Scaphitid - dominated seeps are also carbonate dominated, have a notable increase in 
ammonite species, particularly scaphites, and are structurally complex with a very high width to 
height raio with many secondary conduits.  The shift in ammonite species is reflective of either 
an increase in oxygen or food source availability due to the reduction of methane fluid flow.  The 
ancient seeps of the Pierre Shale exhibit multiple faunal communities in association with specific 
structural complexities and mineralogies.  Furthermore, the secondary organisms of later stages 
of methane cold-seeps from the Campanian of the Western Interior Seaway never dominate 
foundation organisms like their modern analogs.  
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Figure 26: F = foundationorganism - dominated, O = oyster – dominated, G = gastropod – dominated, S = scaphitid 
- dominated; A) Percentages of baculite species found with differing fluid flow, and B) percentages of scaphites 
found with different fluid flow. 
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6.2.1. AKAIKE MODELING  
Null Hypothesis Testing and Modeling  
 Ecologists study complex systems that are characterized by high natural variability.  As 
such, researchers rely heavily on statistics.  In an attempt to explain natural phenomena and 
trends through experiments and observations, researchers must choose how to best answer 
particular questions.  Though sound design is paramount, the analytical phase of investigation is 
just as important and often a complex issue.  The use of null hypothesis significance tests is the 
dominant statistical model.  This paradigm is used to generate a null hypothesis and asks whether 
the hypothesis can be rejected in light of the observed data.  If the data fall beyond the arbitrary 
threshold (usually P <0.05), then the results are interpreted as support for a biologically more 
meaningful hypothesis; the actual hypothesis of interest is accepted by simply rejecting the null. 
Within the past 50 years there has been a large body of papers showing that null hypothesis 
testing is of little utility despite its widespread use (Nester, 1996; Burnham and Anderson, 2001).   
 Model selection offers a way to draw inferences from a set of competing hypotheses.  
The Akaike information criterion (AIC) is a measure of the relative quality of a statistical model 
for a given set of data which was founded on information entropy (Akaike, 1974).  Grounded in 
likelihood theory, AIC provides a means for model selection and deals with the trade-off 
between the goodness of fit of the model and the complexity of the model (Symonds and 
Moussalli, 2011).  Model selection uncertainty is quantified and accounted for, and inferences 
can be made.  Any model that is produced will only be an approximation of the biological 
phenomenon being studied; a numerical value is produced to rank competing models in terms of 
information lost in approximating an unknowable truth (Symonds and Moussalli, 2011).  There 
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is uncertainty in the ‘best’ model; in any set of models being compared, some will obviously be 
better than others and statistical modeling is only as good as the data collected and the variables 
chosen (Symonds and Moussalli, 2011).  This approach has rapidly gained support in the fields 
of ecology and evolution as the preferred alternative to null hypothesis testing (Hilborn and 
Mangekl, 1997; Anderson et al., 2000; Burnham and Anderson, 2002; Johnson and Omland, 
2004).  
 Paleoecology has recently taken up the practice of model selection.  Zambito et al. (2008) 
found that AIC techniques were successful in testing bulk samples for faunal patchiness and 
biogeographical shifts for Middle Devonian paleoecological studies.  Tackett and Bottjer (2012) 
utilized both AIC and Bayesian information criterion modeling techniques to determine that 
paleoecological transitions within the fossil beds examined at the Norian stage (Late Jurassic) 
were consistent with the Mesozoic Marine Revolution hypothesis (stationary epifauna declined, 
mobile infauna diversified and became dominant).  Following suit, rather than using the null 
hypothesis testing methods, I have chosen to employ AIC to determine which variable(s) 
influence shifts in the stages of seeps. 
  
6.3.1. Simplicity and Parsimony 
 Simplicity and parsimony, like Occam’s razor, is a concept suggesting that the simplest 
explanation is probably the most likely. The concept of parsimony is essentially a compromise 
between model bias and variance.  Bias corresponds to the difference between the estimated 
value and the true unknown value of a given parameter.  Variance reflects the precision of these 
estimates.  Too many variables in a model will cause a decline in the model’s precision and too 
few variables will produce a biased result (Lehmann, 1990; Burnham and Anderson, 2002).  
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 Shifts in fauna (faunal succession) at modern seeps often correlates to changes in the 
physical environment (Levin, 2005; Campbell, 2006). However, no research investigating 
ancient faunal succession and independent variables influencing the apparent shift in 
communities is available.  There are numerous known variables causing the physical changes 
within both modern and ancient methane cold-seeps (Greinert et al., 2002; Chen et al., 2005; 
Levin, 2005; Reitner et al., 2005; Campbell, 2006; Naehr et al., 2007), which may be accounted 
for by proxy in the ancient seeps and implemented into models.   
 Among the most common causes in shifts of the physical structure and mineralogy in 
modern and ancient analogs is fluid flow rate, the degree of carbonate saturation, the 
concentration of Ca and/or Mg, the presence of sulfate and phosphate, temperature, ρCO2, the 
degree of microbial activity and microbial species type (phylogeny) inhabiting a seep locality 
(Burton, 1993; Fernandez-Diaz et al., 1996; Morse et al., 1997; Peckmann et al., 2001; Levin, 
2005; Reitner et al., 2005; Campbell, 2006; Naehr et al., 2007). Within this investigation many 
variables have been eliminated as potential influences; variables such as depth, sediment size and 
mineralogical variability of sediment, and temperature.  In earlier chapters, the mineralogy, 
structure, and faunal compositions appear to be contingent on fluid flow rate in methane cold-
seeps of the Pierre Shale, South Dakota.  Seeps dominated by clays are reflective of high fluid 
flow rate, Ca-carbonate-dominated seeps are reflective of moderate flow rates, and Mg-carbonate 
seeps are reflective of a highly dampened or low fluid flow rate. However, producing a single 
model based solely upon fluid flow rates, though interesting, is essentially biased and yields less 
information than several working models.  
 Lingering potential for the influence of sulfur remains from both microprobe and 
elemental mapping data.  Further, it has also been established that oysters, the dominant 
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organism in secondary stage seeps, often play a role in a seep environment’s substratum changes 
(Hall-Spencer and Moore, 2000; Raj, 2008).  Therefore, several models were created using basic 
mineralogy (clay, Ca-carbonate, Mg-carbonate) as proxies for fluid flow rate (F), oyster faunal 
counts as proxy for a macrofaunal biological influence (B) at critical stages of transition from a 
clay-dominated to carbonate-dominated substratum, and availability of sulfur minerals (barite, 
pyrite) as proxies for sulfur availability (S).  
 The global model, the most complex of models implemented, contains all three variables; 
FBS.  Within this investigation, the global model carried the lowest weight (Table 11).  Thus, 
one or more variables contributing to the global model is of considerably less importance to the 
whole system.  Models containing only two independent variables ranking in greatest to least 
weight are FB, BS, and FS (Table 11).  However, individual variable models rendered the 
greatest weight of the system overall; the S-model has a weight 4.4 times that of the second 
ranking B-model and over 5 times the weight of the F-model (Table 11).  Taking into 
consideration that sulfur varied among samples (0 – 6%wt as per EDAX results; Appendix I), a 
scaled model was introduced and ran.  Though the results reduced the influence of sulfur in the 
scaled model (scaled S-model; Table 11), the weight of the scaled S-model is still greater than 
that of the other variables.   
 Composites (Table 10) are formed by adding the weights of all the models containing the 
variable; the scaled weight forces the weights down to 1, making the influence of the variables 
clearer.  These numbers are not weights of evidence in the sense of weights in Table 11, but 
indicate the order of importance of the variables, given that we are working with a balanced data  
 set.  Thus: S > B > F.  
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Table 11: Akaike Information Criterion data table with S-scaled model; k can be viewed as the number of strikes 
against AICc in that it accounts for the intercept, degree of variance, and the number of variables implemented into 
the model; sse is the linear regression of the model, n is the number of localities incorporated for the model variables 
implementd (all variables are available for 25 localties investigated); AIC is the Akaike Information Criterion and Δ 
is the Akaike Information Criterion corrected for a small sample set,  likelihood is the likelihood of the model given 
the data, and w is the Akaike weight and gives the ‘weight of evidence’ in support of the model.  
 
 
  
model k sse n AICc Δ likelihood w 
F 3 39.5560 25 10.9818 3.8460 0.1462 0.0845 
S 3 27.7570 25 7.1358 0.0000 1.0000 0.5779 
B 3 36.5000 25 10.1088 2.9730 0.2262 0.1307 
F B 5 27.0280 25 10.8468 3.7110 0.1564 0.0904 
F S 5 36.4960 25 14.1076 6.9718 0.0306 0.0177 
B S 5 27.3130 25 10.9607 3.8249 0.1477 0.0854 
F S B 7 26.5250 25 14.6429 7.5071 0.0234 0.0135 
S-scaled 3 36.4400 25 10.0910 2.9551 0.2282 0.1319 
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6.4.1. Sulfur and Cold-Seep Fauna 
 Given the model results for all variables implemented in this investigation, the likelihood 
and weight of the models, particularly of S model and S-scaled models, they suggest that the 
faunal succession at these ancient seeps is most influenced by sulfur availability.  Without the 
presence of sulfur, in the form of sulfate, anaerobic oxidation of methane cannot occur.  Without 
a shift from soft to hard substrate through the precipitation of carbonate, a direct result of 
anaerobic oxidation of methane, certain seep organisms, particularly hard ground loving 
organisms, would not begin to inhabit the environment.  Thus, despite the evidence supporting 
the importance of rate of fluid flow influencing the ecology of ancient seeps, Akaike Information 
Criterion shows a 4.4 times greater weight in the importance of sulfur in influencing faunal 
changes. 
 The ability of an organism(s) to create and modify its habitat(s) through the alteration of 
the physical structure and the chemical environment is recognized as an important factor in 
community succession (Jones et al., 1994).  In modern methane cold-seep systems, 
vestimentiferan tube worms are often the dominant organism often forming large aggregates and 
creating complex structures in an otherwise barren landscape (Carney, 1994).  Such aggregates 
are considered to provide a biogenic habitat for a larger community of organisms (Cordes et al., 
2003).  Increased interest in population dynamics of seep organisms has led to the development 
of theoretical models of aggregation development and community succession (Berquist et al, 
2003).  Berquist et al.’s (2003) model suggests that the formation of tube worm aggregates on 
hard substrata is mediated by the presence of active hydrogen sulfide seepage. These 
communities, when nascent, are associated with organisms of higher hydrogen sulfide tolerances.  
Over time, the establishment of tube worm communities persists and grows with the availability 
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of hydrogen sulfide, at the surface, and available hard substrate for colonization diminishes with 
the reduction of hydrogen sulfide.  It is upon this reduction of hydrogen sulfide that non-obligate 
organisms begin to inhabit tube worm aggregations.  These organisms had been previously 
excluded due to their low tolerance of environmental sulfide concentrations (Berquist et al., 
2003).  Despite the ecological consequence of the reduction in sulfide having been investigated, 
the mechanisms generating the observed decline in seepage rates are currently poorly understood 
(Cordes et al., 2003), but it has been found in some localities that porosity of shallow sediments 
may play a strong role (Cordes et al., 2007).  
It is known that the reduction of sulfide concentration, the dominate source of energy and 
food for primary producers, correlates to the reduction of methane output at the seep.  Thus, it is 
only logical that a shift in ancient seep faunal and subsequent faunal succession should correlate 
to a primary energy source - the reduction of sulfide that is sustaining these diverse communities.  
 The sulfide demand of tube worms provides a means of mediating sulfide availability in 
the habitat (Cordes et al., 2003).  However, it should be clearly stated that it is not the tube 
worms alone which mediate this process. This mediation is controlled by complex intraspecific 
relationships between the tube worms that release the sulfate generated by their internal, 
chemoautotrophic, sulfide-oxidizing symbionts through root-like extensions of their body.  The 
sulfate is then released and allows for microbes to reduce this sulfate, which is commonly 
coupled to anaerobic methane oxidation and hydrocarbon degradation by bacterial–archaeal 
consortia (Cordes et al., 2005).  Tube worms rely on acquiring energy via internal sulﬁde-
oxidizing bacterial symbionts (Childress and Fisher, 1992).  It can be inferred that the success of 
tube worm community and the subsequent faunal succession may hinge, not only on the 
availability of sulfide, but also on the microbial populations within a specific locality. 
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The environmental factor(s) effecting the distribution of organisms within methane cold-
seep systems has been a central topic of many investigations, in both ancient and modern analogs, 
since the initial discovery of methane cold-seeps by Paull et al. (1984). The biological production 
at seeps is considered to be related to the intensity of fluid flow.  This has been demonstrated by 
the relationship between linear flow velocity and species composition, species densities, and 
biomass of clam aggregates in modern seeps (Sibuet and Olu, 1998).  Also contingent on fluid 
flow and expulsion patterns is the level of colonization and spatial patterns of fauna (Olu et al., 
1997).  Distribution of fauna in and around seeps is influenced by flow rate factors (Olu et al., 
1997; Sibuet and Olu, 1998; Olu-LeRoy et al., 2007).   
Investigations of lateral faunal changes at ancient seeps and the relationship with fluid 
flow have been conducted in the area of Hokkaido, Japan (Jenkins et al., 2007).  Jenkins et al. 
(2007) determined that the changes of the Campanian assemblage in the Omagari Formation 
coupled with petrographic and sedimentologic changes was reflective of varying fluid flow and 
methane/hydrogen sulfide gradients.  Throughout this investigation, apparent fluid flow and 
sulfur appear to play a central role in the structure, substrate, and faunal composition at seeps.  In 
the seeps of the Pierre Shale there is no correlating reduction in sulfur with changes in apparent 
fluid flow rate given the current data set.  However, it has been suggested that the methane seeps 
in the Pierre Shale were oases for scaphites (Landman et al., 2010; Landman et al., 2012b).  
Strong evidence has been brought forth suggesting that these organisms were poor swimmers 
and scaphites may have been limited in their movement to swimming backward or downward, 
and may have exploited a low-energy lifestyle, remaining at a single site for an extended period 
of time (Landman et al., 2012a) most likely seeking out a readily available food source.  
Considering the modern analog faunal succession, scaphites inhabiting a seep may have been 
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less tolerant of sulfide concentrations than baculite species or may not have been able to navigate 
seeps with high and oscillatory flow rates.  Further investigation, potentially incorporating sulfur 
isotope analysis, and detailed schlerochronology of carbon isotopes of scaphites should be 
conducted to determine whether their increased numbers at later stages of seep development is 
influenced by fluid flow or sulfur concentrations. 
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CHAPTER 7: CONCLUSIONS 
Seeps in the Pierre Shale, South Dakota, have varying mineralogies and structures.  Both 
of these are most likely reflective of fluid flow rates at the time of formation.  Based upon seep 
mineralogy and structure there are three basic development categories of a seep: 1) a high fluid 
flow-type which is generally comprised of clay-dominated cements which contain low amounts 
of micrite, and contain a simple central micritic conduit, 2) a moderate fluid flow-type which is 
commonly dominated by clays with increasing levels of carbonate and contains a central micritic 
core with few to many core pipes branching away from the main core, 3) a low fluid flow type 
which is dominated by either carbonate and/or Mg-carbonate with minor clay minerals whose 
structure is clearly conical or horizontally-dominated, and wider rather than tall.  Further, where 
seeps are poorly exposed, mineral analysis may assist in determining a relative fluid flow rate.  
Where mineral preservation may be poor or compromised, the seep’s apparent structure may 
assist in inferring fluid flow rate as well.  Beyond basic carbonate mineralogy of ancient methane 
cold seeps, barite may serve as a potential proxy for flow rates in ancient seeps and warrants 
further investigation. 
Recent publications on modern seeps indicate a potential influence of sedimentation 
overburden pressure influencing the activation of pockmarks and cold-seep fluid flow. Localized 
tectonic events in the Western Interior Basin during the Late Cretaceous are reflective of varying 
regressions and transgression despite a rapidly falling global sea level.  Thus, a locally derived 
change in sedimentary deposition rates within this area must be considered. Further research is 
needed to determine whether the correlation between stages is due to local sub-basin 
transgression-regression pulses that directly influence sediment loading, as suggested by the 
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literature of modern analogs or due to tectonics influencing the ability of fluid sources to flow at 
varying rates (i.e., fluid shut-off/on mediated by faulting).  
Based upon the faunal diversity and dominant mineralogy of these ancient seeps we 
propose that there are five basic stages of faunal succession in Late Campanian methane cold-
seeps of the Western Interior Basin.  Foundation organism – dominated seeps are based in soft 
substrata and are dominated by baculites, lucinids, and inoceramids and exhibit low diversity and 
poor evenness of species.  Oyster - dominated seeps show a small increase in diversity, exhibit 
an increase in oyster species, and tend to have a clay-based, soft substratum with increasing 
amounts of carbonate material.  Gastropod – dominated seeps are carbonate-dominated and also 
have an additional increase in diversity, show a decline in oyster species, but an increase in the 
number of carnivorous gastropods.  Scaphitid - dominated seeps are also carbonate dominated, 
have a notable increase in ammonite species, particularly scaphites.  The shift in ammonite 
species is reflective of either an increase in oxygen or food source availability.  The ancient 
seeps of the Pierre Shale exhibit multiple faunal assemblages associated with specific structures 
and mineralogies.  Furthermore, the secondary organisms of methane cold-seeps from the 
Campanian of the Western Interior Seaway never dominate foundation organisms like their 
modern analogs. 
 Shifts in fauna at modern seeps often correlates to changes in the physical environment 
and the environmental factor(s) effecting the distribution of organisms within methane cold-seep 
systems have been a central topic of many investigations, both ancient and modern analogs. 
Several models were created using basic lithology (clay, Ca-carbonate, Mg-carbonate) as proxies 
for fluid flow rate (F), oyster faunal counts as proxy for a macrofauna biological influence (B) at 
critical stages of transition from clay-dominated to carbonate-dominated substratum, and 
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availability of sulfur minerals (barite, pyrite) as proxies for sulfur availability (S). It was found 
that S-model has a weight 4.4 times that of the second ranking B-model and over 5 times the 
weight of F-model. It is known that the reduction of sulfide concentration, the dominate source 
of energy and food for primary producers, correlates to the reduction of methane output at the 
vent.  Thus, a shift in ancient seep faunal should correlate to a primary energy source; the 
reduction of sulfide that is sustaining these diverse communities.  Within the seeps of the Pierre 
Shale there is no correlating reduction in sulfur with changes in apparent fluid flow rate given the 
current data set.  However, within the paleontology, there is a distinct shift in ammonite 
communities, particularly in regards to an increase in scaphite population with an apparent 
reduction in fluid flow rates.   
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APPENDIX I 
3340 – EDAX Report 
                               
 
                               
 
 
 
 
  
  
    
    
 
Element Weight % 
 
Atomic % Net Int. Net Int. Error 
      
C K  5.13  9.14  268.6  0.01    
O K  48.67  65.16  2180.7  0    
NaK  0.41  0.38  47.6  0.04    
  
MgK  1.36  1.2  276.9  0.01    
AlK  0.92  0.73  219.4  0.01    
SiK  1.87  1.42  497.3  0.01    
MoL  0.54  0.12  69.5  0.02    
S K  0  0  0  1    
K K  0.23  0.13  44.7  0.07    
CaK  39.98  21.37  5317.4  0    
MnK  0.28  0.11  15.1  0.15    
FeK  0.61  0.24  28.3  0.09    
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Zeiss Evo 60 EP-SEM 
  
 
System Overview 
The Zeiss EVO 60 is an environmental scanning electron microscope (EP-SEM).  In addition to the 
standard high vacuum (HV) operating mode, the EVO 60 is capable of operating in extended pressure 
mode (EP). While operating in extended pressure the EVO 60 is capable of viewing specimens that 
have not undergone the traditional drying and coating preparations.  Using small quantities of filtered 
air and water, the EVO 60 creates a non-destructive coating across the sample preventing charge from 
building.  The EVO 60 also comes equipped with a removable Hot/Cold stage. When used in 
combination with the EP mode, the Hot/Cold stage allows for wet samples to be viewed under the 
electron beam. Accompanying the EVO 60 are a back scatter detector and energy dispersive x-ray 
spectrographic detector. 
EVO 60 Technical Specifications 
The resolving power of the EVO60 is 50nm and the machine is fitted with a LaB6 crystal filament. The 
LaB6 provides a brighter image with a higher resolution than commonly used Tungsten filaments. With 
the benefit of a large sample chamber, the Evo 60 could accomadate samples on the order of size of a 
basketball (38.5cm in diameter and 37.5cm in height).   
Energy Dispersive X-ray Spectrographic Detector 
Also attached to the Evo 60 is a Bruker AXS Quantax 4010 Energy dispersive X-ray spectrometer 
(EDS).  The EDS detector measures X-rays generated from the sample due to its bombardment from 
the electron beam. Utilizing this data, the Bruker software is capable of graphing the elemental make 
up of the sample, as well as creating a color coded map of the sample where different colors pertain to 
different elements.  The Quantax 4010 is equipped with a Silicon Drift Detector (SDD) which can 
provide a high resolution and accurate map and/or graph of the sample in approximately an hour. 
Position tagged spectrometry allows for point specific analysis of all elements from atomic number 4 
(beryllium) up to 95 (americium) contained in the sample to be detected and analyzed simultaneously. 
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3344 – EDAX Report 
 
                           
 
 
Element Weight % 
 
Atomic % Net Int. Net Int. Error 
    
 C K  4.44  7.91  260  0.01  
 O K  49.12  65.7  2741.4  0  
 MgK  1.83  1.61  456.4  0.01  
 
 AlK  1.24  0.98  358.6  0.01  
 SiK  3.09  2.35  995.7  0  
 P K  0.12  0.08  33.5  0.09  
 S K  0.26  0.18  74  0.03  
 K K  0.23  0.12  52.4  0.08  
 CaK  38.83  20.74  6246.8  0  
 FeK  0.84  0.32  47  0.07  
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3386 – EDAX Report 
                             
    
                                                         
 
 
 
 
     
        
              
                              
                              
 
 
Element Weight % 
 
Atomic % Net Int. Net Int. Error 
  
C K  5.18  8.46  318.7  0.01 
O K  58.55  71.73  5579.2  0 
MgK 
 
0.95 
 
0.76 
 
296.6 
 
0.02 
AlK  2.13  1.55  775.1  0.01 
SiK  6.77  4.72  2699.8  0 
P K  0.23  0.15  74.8  0.1 
S K  0.2  0.12  68  0.05 
K K  0.53  0.27  139.9  0.08 
CaK  23.92  11.7  4726.8  0 
FeK  1.55  0.54  107.3  0.07 
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3504 – EDAX Report 
                              
 
                              
 
 
 
 
  
  
   
   
 
 
 
Element Weight % 
 
Atomic % Net Int. Net Int. Error 
  
 C K  0  0  0  1 
 O K  48.96  64.42  10154.1  0 
 MgK  2.79  2.42  1320  0.01 
 
 AlK  11.18  8.72  5828.8  0 
 SiK  25.24  18.91  12995.5  0 
 P K  0.45  0.3  166.2  0.04 
 S K  0.71  0.46  277.3  0.03 
 K K  3.8  2.04  1174.5  0.01 
 CaK  0.53  0.28  137.7  0.07 
 TiK  0.71  0.31  146.2  0.06 
 FeK  5.64  2.12  535.5  0.02 
 
3420 – EDAX Report 
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Element Weight % 
 
Atomic % Net Int. Net Int. Error 
  
O K  49.47  64.88  3369.8  0 
NaK  1.43  1.3  134.2  0.01 
MgK 
 
1.7 
 
1.46 
 
264 
 
0.01 
AlK  10.19  7.92  1773.1  0 
SiK  26.62  19.89  4601.3  0 
P K  0.21  0.14  26  0.05 
MoL  1.17  0.26  78  0.03 
S K  0  0  0  1 
K K  2.96  1.59  303.9  0.01 
CaK  1.11  0.58  95.3  0.02 
TiK  0.67  0.29  45.8  0.03 
FeK  4.48  1.68  141.2  0.01 
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3440 – EDAX Report 
                               
 
                               
 
 
 
 
  
  
    
    
 
Element Weight % 
 
Atomic % Net Int. Net Int. Error 
  
O K  60.75  78.56  3229.1  0 
MgK  1.75  1.49  327  0.01 
AlK 
 
1.05 
 
0.81 
 
228.9 
 
0.02 
SiK  1.9  1.4  464.8  0.01 
P K  0.25  0.17  52.7  0.1 
S K  0.31  0.2  65.4  0.04 
K K  0.28  0.15  48.1  0.1 
CaK  32.53  16.79  4006.7  0 
FeK  1.18  0.44  50.7  0.09 
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3456 – EDAX Report 
 
                       
 
 
 
 
 
   
   
 
Element Weight % 
 
Atomic % Net Int. Net Int. Error 
  
C K  8.58  14.28  158.6  0.01 
O K  51.01  63.75  1141.2  0 
MgK 
 
0.78 
 
0.64 
 
69.8 
 
0.04 
AlK  2.16  1.6  223.7  0.02 
SiK  5.35  3.81  606.6  0.01 
P K  0.44  0.28  41.1  0.12 
S K  0.27  0.17  26  0.1 
K K  0.74  0.38  56.4  0.11 
CaK  29.11  14.52  1628.1  0 
MnK  0.17  0.06  4  0.56 
FeK  1.39  0.5  27.2  0.15 
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3457 – EDAX Report 
                                                         
    
                                                         
 
 
 
 
     
      
             
                              
                              
 
 
Element Weight % 
 
Atomic % Net Int. Net Int. Error 
  
 O K  54.14  72.51  1563.5  0 
 NaK  0.55  0.52  32.7  0.06 
 MgK  1.09  0.96  111.8  0.02 
 
 AlK  3.42  2.72  409.9  0.01 
 SiK  7.56  5.77  986  0 
 P K  0.52  0.36  54.9  0.05 
 S K  0.24  0.16  26.8  0.06 
 K K  0.86  0.47  75.2  0.05 
 CaK  29.23  15.63  1916  0 
 MnK  0.72  0.28  19.9  0.12 
 FeK  1.67  0.64  38.6  0.09 
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3462 – EDAX Report 
    
                                                         
 
 
 
 
     
      
             
                              
                              
 
 
Element Weight % 
 
Atomic % Net Int. Net Int. Error 
  
 C K  5.83  9.58  201.7  0.01 
 O K  55.16  68.07  3419.6  0 
 MgK  2.04  1.66  419.4  0.01 
 
 AlK  2.74  2  643.1  0.01 
 SiK  9.32  6.55  2380  0 
 P K  0.39  0.25  80.2  0.05 
 S K  0.32  0.2  66.8  0.04 
 K K  0.8  0.4  132  0.04 
 CaK  21.68  10.68  2737  0 
 MnK  0.37  0.13  19.7  0.18 
 FeK  1.36  0.48  60.6  0.07 
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3463 – EDAX Report 
                                                         
    
                                                         
 
 
 
 
     
      
             
                              
                              
 
Element Weight % 
 
Atomic % Net Int. Net Int. Error 
  
C K  4.59  8.11  182.7  0.01 
O K  49.63  65.86  2000.3  0 
MgK 
 
1.95 
 
1.7 
 
341.9 
 
0.01 
AlK  1.64  1.29  331.5  0.01 
SiK  3.49  2.64  784.5  0 
P K  0.11  0.08  21  0.1 
S K  0.23  0.15  44.6  0.02 
K K  0.33  0.18  51.6  0.07 
CaK  37  19.6  4157.7  0 
MnK  0.26  0.1  11.9  0.17 
FeK  0.79  0.3  30.8  0.09 
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3464 – EDAX Report 
                                                      
 
                                                      
 
 
 
 
  
   
          
                           
                           
 
Element Weight % 
 
Atomic % Net Int. Net Int. Error 
   
C K  5.8  9.82  332.1  0.01  
O K  53.88  68.41  4475.7  0  
MgK 
 
1.83 
 
1.53 
 
505.3 
 
0.01 
 
AlK  1.85  1.4  597.3  0.01  
SiK  4.85  3.51  1736  0  
P K  0.48  0.32  144.9  0.03  
S K  0.29  0.18  88.1  0.03  
K K  0.56  0.29  136.7  0.06  
CaK  25.43  12.89  4628.1  0  
FeK  1.17  0.42  75.8  0.06  
CuK  3.85  1.23  118.4  0.04  
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3465 – EDAX Report 
                                                        
    
                                                        
 
 
 
     
     
            
                             
                             
 
Element Weight % 
 
Atomic % Net Int. Net Int. Error 
  
C K  7.06  11.95  109.7  0.02 
O K  50.17  63.74  1025.7  0 
NaK 
 
0.21 
 
0.19 
 
9.7 
 
0.31 
MgK  2.7  2.26  215.9  0.01 
AlK  2.45  1.85  223  0.01 
SiK  5.5  3.98  548.4  0.01 
P K  0.44  0.29  36.7  0.09 
S K  0.3  0.19  25.4  0.06 
K K  0.8  0.42  53.9  0.08 
CaK  28.6  14.5  1427.2  0 
FeK  1.77  0.64  30.9  0.12 
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3466 – EDAX Report 
                                                      
 
                                                      
 
 
 
 
  
   
          
                           
                           
 
Element Weight % 
 
Atomic % Net Int. Net Int. Error 
  
O K  45.49  66.37  1342.8  0 
NaK  0.71  0.72  58.1  0.03 
MgK 
 
1.78 
 
1.71 
 
256.2 
 
0.01 
AlK  1.17  1.01  195.3  0.01 
SiK  2.65  2.2  498.8  0.01 
P K  0.15  0.11  24.4  0.13 
S K  0.28  0.2  45.6  0.03 
K K  0.31  0.19  42.9  0.08 
CaK  46.51  27.09  4398.2  0 
MnK  0.21  0.09  8.2  0.29 
FeK  0.75  0.31  24.4  0.12 
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3467 – EDAX Report 
                               
 
                               
 
 
 
 
  
  
    
    
 
Element Weight % 
 
Atomic % Net Int. Net Int. Error 
  
C K  9.04  15.09  207.6  0.01 
O K  49.5  61.99  1473.9  0 
MgK 
 
2.35 
 
1.93 
 
272.5 
 
0.02 
AlK  2.1  1.56  278.9  0.02 
SiK  4.95  3.53  722.5  0.01 
P K  1.38  0.89  166.4  0.02 
K K  0.59  0.3  57.8  0.12 
CaK  27.63  13.82  2008.4  0 
MnK  0.42  0.15  12.9  0.34 
FeK  2.04  0.73  51.9  0.12 
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3468 – EDAX Report 
                              
 
                              
 
 
 
 
  
  
   
   
 
Element Weight % 
 
Atomic % Net Int. Net Int. Error 
  
O K  46.99  67.56  1779.4  0 
MgK  1.26  1.19  223.9  0.01 
AlK 
 
2.03 
 
1.73 
 
419.9 
 
0.01 
SiK  4.29  3.51  983.2  0 
P K  0.54  0.4  103.2  0.03 
S K  0.13  0.09  25.6  0.04 
K K  0.28  0.16  45.9  0.08 
CaK  43.3  24.85  4969.4  0 
FeK  1.19  0.49  47.5  0.06 
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3469 – EDAX Report 
 
                            
 
 
 
 
 
 
 
Element Weight % 
 
Atomic % Net Int. Net Int. Error 
  
O K  48.21  68.76  561.4  0.03 
MgK  0.77  0.72  30.3  0.6 
AlK 
 
3.66 
 
3.1 
 
170.5 
 
0.08 
SiK  7.84  6.37  400  0.04 
P K  0.21  0.15  8.7  0.72 
S K  0.12  0.08  5.1  0.66 
K K  2.23  1.3  77  0.22 
CaK  27.31  15.55  716.1  0.02 
MnK  1.49  0.62  16.5  0.6 
FeK  8.17  3.34  75.5  0.22 
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3487 – EDAX Report 
                               
 
                               
 
 
 
 
  
  
    
    
 
Element Weight % 
 
Atomic % Net Int. Net Int. Error 
  
O K  55.36  73.07  2960.9  0 
NaK  0.66  0.61  69.1  0.04 
MgK 
 
1.61 
 
1.4 
 
292.3 
 
0.01 
AlK  2.58  2.02  539.5  0.01 
SiK  9.13  6.87  2092.5  0 
P K  0.69  0.47  127.7  0.03 
S K  0.5  0.33  94.5  0.03 
K K  0.91  0.49  137.2  0.04 
CaK  26.46  13.95  3020.5  0 
MnK  0.64  0.25  31.1  0.13 
FeK  1.46  0.55  58.8  0.07 
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3488 – EDAX Report 
 
                             
 
 
 
 
 
   
   
 
Element Weight % 
 
Atomic % Net Int. Net Int. Error 
  
O K  54.76  72.62  3043.2  0 
NaK  0.24  0.22  26  0.1 
MgK 
 
0.54 
 
0.47 
 
100.9 
 
0.02 
AlK  3.27  2.57  715.7  0.01 
SiK  11.45  8.65  2709.2  0 
P K  0.37  0.25  69.2  0.04 
S K  0.21  0.14  40.7  0.04 
K K  1.03  0.56  159  0.03 
CaK  25.53  13.51  2989  0 
MnK  1.05  0.41  52.1  0.09 
FeK  1.54  0.59  63.8  0.05 
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3489 – EDAX Report 
 
                              
 
 
 
 
  
  
   
   
 
Element Weight % 
 
Atomic % Net Int. Net Int. Error 
  
O K  43.56  66.69  4078.9  0 
NaK  0.98  1.04  70.5  0.02 
MgK 
 
2.26 
 
2.28 
 
296.2 
 
0.01 
AlK  3.57  3.24  562.1  0.01 
SiK  9.3  8.11  1659.1  0 
P K  0.18  0.14  26.4  0.11 
S K  0.24  0.19  37.9  0.03 
K K  1.32  0.83  162  0.02 
CaK  3.14  1.92  324.3  0.01 
MnK  1.01  0.45  45.7  0.05 
FeK  34.45  15.11  1251.6  0 
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3490 – EDAX Report 
 
                             
 
 
 
 
 
  
  
 
Element Weight % 
 
Atomic % Net Int. Net Int. Error 
  
C K  7.34  12.39  93.7  0.02 
O K  49.56  62.78  925.1  0 
NaK 
 
0.41 
 
0.36 
 
16.9 
 
0.14 
MgK  1.95  1.63  139.2  0.02 
AlK  3.13  2.35  255.2  0.01 
SiK  7.7  5.56  682.4  0.01 
P K  0.32  0.21  23.1  0.14 
S K  0.24  0.15  17.9  0.17 
K K  0.83  0.43  48.8  0.1 
CaK  26.55  13.43  1170.7  0 
FeK  1.96  0.71  30.4  0.11 
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3491 – EDAX Report 
 
                                                      
 
 
 
 
  
   
          
                           
                           
 
Element Weight % 
 
Atomic % Net Int. Net Int. Error 
  
O K  57.56  74.84  4653.4  0 
NaK  0.51  0.46  77.7  0.06 
MgK 
 
1.49 
 
1.28 
 
393.6 
 
0.01 
AlK  2.29  1.77  699.3  0.01 
SiK  8.99  6.66  3008.4  0 
P K  0.58  0.39  157.7  0.03 
S K  0.34  0.22  94.9  0.04 
K K  0.69  0.36  150.9  0.06 
CaK  25.62  13.3  4266.7  0 
FeK  1.92  0.72  113.1  0.05 
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3492 – EDAX Report 
 
 
Element Weight % 
 
Atomic % Net Int. 
Net Int. 
Error 
  
O K 
  
1.11 
  
4.19 
  
190.8 
  
0.01 
MgK 
  
0.46 
  
1.15 
  
70.7 
  
0.04 
AlK 
  
0.08 
  
0.18 
  
16.5 
  
0.25 
SiK 
  
0.19 
  
0.42 
  
52.4 
  
0.06 
P K 
  
0.08 
  
0.15 
  
20.6 
  
0.28 
S K 
  
0.06 
  
0.11 
  
17.1 
  
0.14 
K K 
  
0.16 
  
0.24 
  
39 
  
0.2 
CaK 
  
0.21 
  
0.31 
  
44.8 
  
0.08 
MnK 
  
0.07 
  
0.08 
  
8.4 
  
0.53 
FeK 
  
0.01 
  
0.01 
  
1.5 
  
0.58 
CuK 
  
97.58 
  
93.15 
  
3840.8 
  
0 
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3493 – EDAX Report 
 
                                                     
 
 
 
 
  
   
         
                          
                          
 
Element Weight % 
 
Atomic % Net Int. Net Int. Error 
  
O K  58.72  75.43  3299.9  0 
NaK  0.67  0.6  69.1  0.05 
MgK 
 
2.01 
 
1.7 
 
358.8 
 
0.01 
AlK  2.74  2.09  562.7  0.01 
SiK  8.62  6.31  1932.3  0 
P K  0.36  0.24  65.8  0.07 
S K  0.28  0.18  52.4  0.04 
K K  0.73  0.38  107.6  0.07 
CaK  24.56  12.59  2753.3  0 
FeK  1.3  0.48  51.6  0.11 
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3503 – EDAX Report 
                                                     
 
                                                     
 
 
 
 
  
   
         
                          
                          
 
Element Weight % 
 
Atomic % Net Int. Net Int. Error 
  
O K  49.16  68.98  2230.6  0 
NaK  0.11  0.11  12.1  0.15 
MgK 
 
1.35 
 
1.24 
 
257.2 
 
0.01 
AlK  2.39  1.99  529.9  0 
SiK  5.88  4.7  1436  0 
P K  1.28  0.93  259.3  0.01 
S K  0.43  0.3  89.8  0.02 
K K  0.63  0.36  106.8  0.03 
CaK  36.67  20.54  4475.9  0 
MnK  0.46  0.19  23.6  0.12 
FeK  1.64  0.66  69.9  0.03 
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3509 – EDAX Report 
 
                                                  
 
 
 
  
  
      
                       
                       
 
Element Weight % 
 
Atomic % Net Int. Net Int. Error 
  
O K  53.67  72.6  2484.7  0 
MgK  0.74  0.66  134.7  0.01 
AlK 
 
2.25 
 
1.8 
 
478.2 
 
0.01 
SiK  7.21  5.56  1686.7  0 
P K  0.11  0.07  20.4  0.17 
S K  0.19  0.13  37.5  0.04 
K K  0.53  0.29  84.5  0.06 
CaK  34.13  18.43  3968.1  0 
MnK  0.2  0.08  10  0.23 
FeK  0.97  0.37  39.4  0.08 
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3520 – EDAX Report 
 
                                                      
 
 
 
 
  
   
          
                           
                           
 
Element Weight % 
 
Atomic % Net Int. Net Int. Error 
  
O K  51.55  70.07  1608.5  0 
NaK  0.24  0.22  15.2  0.23 
MgK 
 
2.3 
 
2.06 
 
259.5 
 
0.01 
AlK  3.61  2.91  467  0.01 
SiK  9.06  7.01  1272.2  0 
P K  0.55  0.39  62.7  0.07 
S K  0.3  0.2  34.9  0.07 
K K  0.98  0.54  91.7  0.05 
CaK  28.52  15.47  2018.2  0 
FeK  2.9  1.13  72.5  0.05 
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3418 Traverse Analysis – 10µm defocused beam 
DataSet/Point MgO Al2O3 SiO2 CaO P2O5 K2O SO2 MnO FeO Total% 
1 / 1 .  0.003 18.782 66.540 0.001 0.063 13.324 0.021 0.000 0.178 98.911 
2 / 1 .  0.000 19.051 63.838 0.025 0.071 13.383 0.020 0.000 0.286 96.674 
3 / 1 .  0.000 19.101 65.695 0.000 0.000 14.895 0.013 0.000 0.268 99.972 
4 / 1 .  0.007 18.900 64.687 0.000 0.006 14.930 0.011 0.018 0.237 98.796 
5 / 1 .  0.028 1.707 98.464 0.022 0.000 0.078 0.014 0.000 0.235 100.548 
6 / 1 .  0.008 7.670 92.057 0.067 0.000 0.226 0.013 0.011 0.189 100.241 
7 / 1 .  0.210 5.614 3.106 2.253 0.056 0.076 61.534 0.240 57.432 130.522 
8 / 1 .  0.844 0.994 6.810 1.046 0.091 0.045 0.937 0.034 70.618 81.419 
9 / 1 .  0.922 0.801 7.005 0.995 0.103 0.024 1.249 0.060 70.787 81.945 
10 / 1 .  2.009 22.532 51.066 0.523 0.030 4.650 0.124 0.002 4.546 85.482 
10 / 2 .  1.679 20.324 49.623 1.277 0.045 4.468 0.159 0.016 4.117 81.708 
10 / 3 .  1.868 17.898 52.974 0.780 0.060 2.682 0.143 0.000 4.142 80.547 
10 / 4 .  2.302 17.067 53.417 0.655 0.055 2.977 0.142 0.016 5.558 82.190 
10 / 5 .  2.029 20.093 55.768 0.696 0.057 3.042 0.145 0.005 5.087 86.921 
10 / 6 .  3.412 20.636 51.188 0.825 0.145 2.949 0.116 0.061 7.560 86.892 
10 / 7 .  1.161 9.834 73.477 0.618 0.056 2.170 0.075 0.035 2.454 89.880 
10 / 8 .  4.116 17.381 45.542 3.911 0.051 3.568 0.108 0.010 4.973 79.659 
10 / 9 .  2.111 18.257 58.174 0.622 0.059 2.729 0.100 0.032 4.944 87.027 
10 / 10 .  1.342 25.913 39.577 1.682 0.039 1.822 0.143 0.019 3.258 73.794 
10 / 11 .  1.685 20.550 48.542 0.701 0.051 2.368 0.108 0.000 4.876 78.881 
10 / 12 .  2.183 18.035 57.767 0.621 0.058 2.429 0.107 0.001 5.502 86.703 
10 / 13 .  2.177 18.745 58.952 0.648 0.054 2.618 0.113 0.007 5.547 88.860 
10 / 14 .  1.975 19.333 58.878 0.596 0.039 2.319 0.112 0.009 5.585 88.845 
10 / 15 .  1.063 11.759 76.294 0.490 0.028 1.179 0.160 0.000 2.792 93.764 
10 / 16 .  0.418 6.784 74.176 0.519 0.023 0.610 0.178 0.000 1.148 83.855 
10 / 17 .  1.801 17.317 52.759 0.601 0.041 2.198 0.129 0.031 5.321 80.198 
10 / 18 .  2.643 17.981 57.898 0.614 0.106 3.428 0.107 0.014 6.183 88.971 
10 / 19 .  0.756 16.311 61.031 0.652 0.072 2.383 0.129 0.019 4.212 85.566 
10 / 20 .  0.765 20.427 56.592 0.746 0.036 1.979 0.094 0.010 5.207 85.856 
10 / 21 .  1.348 21.368 57.217 0.707 0.049 2.679 0.218 0.014 5.435 89.034 
10 / 22 .  2.319 20.604 56.886 0.689 0.040 2.828 0.141 0.000 5.833 89.341 
10 / 23 .  1.871 16.161 63.430 0.548 0.023 2.269 0.079 0.011 5.036 89.428 
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10 / 24 .  1.980 18.463 56.111 0.581 0.060 3.236 0.090 0.000 5.252 85.773 
10 / 25 .  1.281 14.813 65.281 0.441 0.012 1.544 0.076 0.000 3.473 86.921 
10 / 26 .  1.717 17.211 57.361 0.473 0.019 3.546 0.069 0.006 4.330 84.732 
10 / 27 .  1.842 18.394 55.371 0.559 0.020 3.057 0.157 0.009 4.564 83.973 
10 / 28 .  2.393 17.813 58.747 0.659 0.096 2.710 0.126 0.024 5.700 88.269 
10 / 29 .  2.088 18.427 53.941 0.712 0.035 2.751 0.106 0.012 6.552 84.624 
10 / 30 .  2.047 16.677 53.631 0.686 0.036 2.446 0.145 0.040 7.426 83.132 
10 / 31 .  2.529 20.647 57.906 0.590 0.042 2.813 0.092 0.005 6.405 91.030 
10 / 32 .  1.243 19.612 56.958 0.555 0.009 7.099 0.090 0.000 2.685 88.250 
10 / 33 .  1.145 16.574 44.168 0.674 0.061 4.753 0.124 0.009 4.705 72.214 
10 / 34 .  1.777 19.028 51.899 0.856 0.183 2.731 0.126 0.003 5.912 82.515 
10 / 35 .  2.087 19.304 52.001 0.627 0.033 2.497 0.121 0.009 5.692 82.372 
10 / 36 .  1.555 14.576 59.857 0.612 0.049 1.755 0.117 0.011 4.094 82.626 
10 / 37 .  2.394 17.467 50.285 0.728 0.097 2.187 0.122 0.011 6.867 80.157 
10 / 38 .  1.273 12.243 46.646 1.315 0.013 1.949 1.519 0.000 3.372 68.331 
10 / 39 .  1.242 19.846 54.355 0.561 0.020 2.996 0.291 0.000 3.258 82.569 
10 / 40 .  2.495 20.320 53.494 0.701 0.096 3.188 0.132 0.007 5.728 86.162 
10 / 41 .  1.598 19.856 49.647 0.775 0.036 3.274 0.105 0.023 5.262 80.577 
10 / 42 .  2.007 17.383 54.977 0.769 0.040 2.547 0.101 0.023 5.588 83.434 
10 / 43 .  4.694 16.945 45.782 4.427 0.037 2.933 0.104 0.031 4.895 79.848 
10 / 44 .  4.747 13.453 40.666 8.478 0.217 1.756 0.090 0.020 4.404 73.834 
10 / 45 .  3.087 17.752 53.555 1.748 0.020 2.304 0.097 0.000 6.213 84.776 
10 / 46 .  2.563 17.419 57.228 0.570 0.030 2.422 0.087 0.010 5.607 85.936 
10 / 47 .  2.255 18.690 53.882 0.620 0.061 3.216 0.120 0.040 5.907 84.790 
10 / 48 .  2.047 18.314 54.400 0.728 0.078 2.553 0.167 0.000 6.754 85.041 
10 / 49 .  1.933 19.110 59.939 0.614 0.046 3.666 0.100 0.013 5.517 90.938 
10 / 50 .  2.077 18.731 54.324 0.602 0.038 2.657 0.100 0.002 7.672 86.202 
10 / 51 .  2.030 16.722 60.528 0.618 0.019 2.333 0.130 0.011 8.284 90.675 
10 / 52 .  1.843 17.463 54.616 0.771 0.060 2.430 0.120 0.010 8.302 85.615 
10 / 53 .  2.036 19.290 53.115 0.898 0.048 2.376 0.345 0.025 9.544 87.677 
10 / 54 .  1.988 16.745 56.034 0.689 0.053 2.674 0.125 0.014 7.060 85.381 
10 / 55 .  1.995 20.111 51.859 0.632 0.038 3.044 0.117 0.000 6.323 84.118 
10 / 56 .  0.950 11.035 71.944 0.458 0.035 1.488 0.078 0.000 2.591 88.579 
10 / 57 .  1.892 18.607 55.968 0.553 0.043 2.914 0.104 0.015 5.608 85.705 
10 / 58 .  2.098 19.111 57.792 0.618 0.055 3.252 0.106 0.023 6.149 89.204 
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10 / 59 .  2.035 17.879 62.586 0.604 0.052 2.266 0.100 0.000 5.749 91.272 
10 / 60 .  1.414 15.691 64.119 0.561 0.054 1.709 0.106 0.011 4.119 87.783 
10 / 61 .  2.376 18.020 52.424 0.572 0.054 2.521 0.124 0.014 4.684 80.788 
10 / 62 .  2.057 19.679 57.057 0.743 0.081 2.793 0.137 0.000 5.400 87.948 
10 / 63 .  1.425 19.383 57.424 0.812 0.269 5.126 0.129 0.004 4.615 89.186 
10 / 64 .  1.790 18.145 60.954 0.658 0.047 2.635 0.140 0.000 5.380 89.747 
10 / 65 .  1.703 17.437 56.116 0.722 0.076 2.576 0.154 0.014 5.354 84.153 
10 / 66 .  1.673 19.048 59.613 0.646 0.067 2.252 0.127 0.005 5.027 88.460 
10 / 67 .  1.634 17.417 61.602 0.645 0.049 3.466 0.100 0.010 4.864 89.787 
10 / 68 .  1.292 19.613 52.919 0.511 0.026 5.008 0.080 0.000 4.441 83.890 
10 / 69 .  1.818 22.283 56.508 0.512 0.024 3.512 0.164 0.009 4.953 89.784 
10 / 70 .  1.785 15.594 61.511 0.493 0.019 2.922 0.100 0.010 4.450 86.885 
10 / 71 .  1.592 12.195 68.894 0.422 0.035 1.987 0.088 0.000 3.597 88.811 
10 / 72 .  1.912 19.115 57.909 0.595 0.038 4.242 0.131 0.006 4.398 88.344 
10 / 73 .  2.192 22.829 52.751 0.519 0.057 3.840 0.123 0.000 5.732 88.043 
10 / 74 .  1.579 22.493 50.247 0.492 0.093 5.494 0.102 0.014 4.137 84.650 
10 / 75 .  1.960 18.919 54.967 0.978 0.246 3.148 0.123 0.012 5.321 85.674 
10 / 76 .  2.446 18.634 54.258 0.656 0.054 3.057 0.118 0.000 5.861 85.084 
10 / 77 .  1.047 12.167 72.204 0.665 0.015 0.958 0.090 0.009 2.910 90.066 
10 / 78 .  1.157 7.861 66.502 0.450 0.041 1.636 0.100 0.011 2.777 80.535 
10 / 79 .  2.126 19.916 54.857 0.651 0.083 3.018 0.131 0.000 5.682 86.462 
10 / 80 .  1.948 17.848 56.217 0.702 0.040 2.518 0.133 0.013 6.100 85.521 
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3419 Traverse Analysis – 10µm defocused beam 
DataSet/Point MgO Al2O3 SiO2 CaO P2O5 K2O SO2 MnO FeO Total% 
27 / 1 .  0.660 0.169 0.335 52.349 0.048 0.044 0.090 0.082 0.181 53.959 
27 / 2 .  0.766 1.082 2.431 49.423 0.046 0.133 0.073 0.122 0.526 54.602 
27 / 3 .  0.706 1.868 6.131 46.550 0.169 0.192 0.087 0.111 0.565 56.379 
27 / 4 .  0.728 1.110 2.645 48.985 0.090 0.115 0.076 0.088 0.748 54.584 
27 / 5 .  0.730 0.328 0.697 51.550 0.048 0.062 0.085 0.088 0.199 53.787 
27 / 6 .  0.788 1.406 3.648 48.468 0.132 0.220 0.112 0.140 0.538 55.451 
27 / 7 .  0.779 1.937 7.517 45.807 0.088 0.255 0.080 0.119 1.001 57.582 
27 / 8 .  0.735 1.130 3.402 48.635 0.096 0.184 0.088 0.130 0.650 55.050 
27 / 9 .  0.847 2.194 5.256 45.804 0.078 0.369 0.083 0.092 1.479 56.201 
27 / 10 .  0.614 1.841 23.394 39.135 0.050 0.302 0.076 0.077 0.466 65.954 
27 / 11 .  0.795 2.969 7.039 44.606 0.083 0.401 0.067 0.113 1.523 57.598 
27 / 12 .  0.851 3.047 6.138 45.377 0.741 0.535 0.061 0.077 0.953 57.779 
27 / 13 .  0.760 1.716 3.997 48.182 0.173 0.231 0.068 0.110 0.528 55.765 
27 / 14 .  0.701 0.964 2.999 49.596 0.050 0.139 0.076 0.088 0.454 55.067 
27 / 15 .  0.771 1.728 3.740 48.179 0.093 0.246 0.084 0.091 0.683 55.614 
27 / 16 .  0.691 3.093 10.426 43.701 0.139 0.229 0.079 0.094 0.728 59.180 
27 / 17 .  0.730 0.699 2.022 50.786 0.068 0.117 0.092 0.091 0.252 54.857 
27 / 18 .  0.828 1.562 3.123 48.115 0.069 0.201 0.080 0.145 1.562 55.685 
27 / 19 .  0.855 1.752 4.838 47.698 0.110 0.295 0.087 0.122 0.609 56.367 
27 / 20 .  0.769 1.685 3.875 47.926 0.049 0.185 0.080 0.041 0.629 55.239 
27 / 21 .  0.796 1.310 5.068 48.071 0.066 0.217 0.088 0.081 0.517 56.215 
27 / 22 .  0.680 1.779 7.835 46.048 1.867 0.405 0.075 0.076 0.503 59.270 
27 / 23 .  0.773 1.438 3.922 48.781 0.136 0.225 0.077 0.100 0.515 55.967 
27 / 24 .  0.815 1.314 3.582 48.432 0.049 0.218 0.089 0.119 0.772 55.392 
27 / 25 .  0.672 0.570 1.794 50.991 0.069 0.090 0.078 0.101 0.325 54.690 
27 / 26 .  0.783 1.574 3.727 48.173 0.101 0.315 0.078 0.096 0.932 55.780 
27 / 27 .  0.613 0.423 1.190 51.408 0.032 0.081 0.096 0.069 0.172 54.084 
27 / 28 .  0.823 3.555 7.841 41.773 0.215 0.365 0.061 0.350 2.992 57.975 
27 / 29 .  0.612 5.139 33.291 27.907 0.168 0.589 0.061 0.089 1.634 69.489 
27 / 30 .  0.797 4.207 10.589 41.259 0.157 1.122 0.062 0.184 1.617 59.995 
27 / 31 .  0.812 7.315 31.826 29.062 0.174 0.646 0.064 0.119 1.576 71.595 
27 / 32 .  0.972 4.970 11.834 40.184 0.225 1.040 0.063 0.136 1.752 61.175 
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27 / 33 .  0.859 8.002 20.368 32.133 0.240 0.995 0.052 0.143 2.139 64.931 
27 / 34 .  1.260 9.409 21.597 27.950 0.240 1.009 0.087 0.151 4.104 65.806 
27 / 35 .  1.329 11.872 24.963 25.257 0.111 0.386 0.053 0.110 1.744 65.826 
27 / 36 .  0.781 5.019 14.352 39.235 0.469 0.789 0.072 0.154 1.411 62.281 
27 / 37 .  0.799 1.937 5.484 46.908 0.102 0.290 0.072 0.156 0.773 56.521 
27 / 38 .  0.788 1.012 4.393 48.817 0.067 0.146 0.071 0.085 0.419 55.797 
27 / 39 .  0.680 2.647 20.962 38.548 0.089 0.345 0.070 0.125 0.878 64.343 
27 / 40 .  0.458 7.420 51.905 19.940 0.143 0.411 0.055 0.097 1.194 81.624 
27 / 41 .  0.782 4.558 12.670 40.339 0.190 1.069 0.058 0.193 1.394 61.253 
27 / 42 .  0.811 8.637 18.215 32.269 0.214 0.751 0.058 0.112 2.415 63.482 
27 / 43 .  0.902 3.262 8.378 43.919 0.147 0.503 0.084 0.136 1.264 58.594 
27 / 44 .  0.595 0.176 0.303 52.617 0.033 0.052 0.104 0.052 0.074 54.005 
27 / 45 .  0.782 2.316 5.668 46.558 0.216 0.316 0.082 0.159 0.904 57.002 
27 / 46 .  0.769 2.130 8.126 44.901 0.215 0.315 0.068 0.173 0.897 57.594 
27 / 47 .  0.811 0.889 4.396 49.196 0.059 0.154 0.072 0.105 0.340 56.023 
27 / 48 .  0.666 2.604 24.947 36.809 0.069 0.350 0.068 0.136 0.940 66.589 
27 / 49 .  0.855 2.131 6.726 46.240 0.065 0.413 0.075 0.195 0.686 57.387 
27 / 50 .  0.634 7.998 26.411 30.542 0.294 0.424 0.047 0.119 1.069 67.537 
27 / 51 .  0.798 2.958 12.320 43.009 0.114 0.400 0.065 0.137 0.637 60.438 
27 / 52 .  0.822 1.995 4.706 47.164 0.070 0.286 0.063 0.194 0.848 56.147 
27 / 53 .  0.722 1.435 10.901 45.372 0.244 0.286 0.070 0.105 0.377 59.512 
27 / 54 .  0.961 4.781 10.932 40.647 0.123 0.283 0.054 0.102 2.092 59.975 
27 / 55 .  0.512 8.457 28.201 30.463 0.049 0.180 0.047 0.113 0.300 68.324 
27 / 56 .  0.927 1.659 4.318 47.854 0.096 0.311 0.058 0.120 0.576 55.919 
27 / 57 .  0.591 5.145 16.270 39.083 0.139 0.211 0.114 0.075 0.494 62.121 
27 / 58 .  0.739 2.093 11.694 44.073 0.089 0.285 0.057 0.099 0.811 59.940 
27 / 59 .  0.719 4.658 22.862 33.978 0.136 0.971 0.062 0.164 2.208 65.758 
27 / 60 .  0.801 2.090 5.931 46.506 0.210 0.296 0.064 0.142 0.898 56.937 
27 / 61 .  0.610 0.482 1.197 51.448 0.056 0.061 0.073 0.080 0.203 54.210 
27 / 62 .  0.800 1.733 5.470 47.526 0.083 0.193 0.075 0.105 0.709 56.694 
27 / 63 .  0.803 3.000 8.804 43.449 0.107 0.450 0.071 0.140 1.536 58.358 
27 / 64 .  0.757 2.965 11.266 42.596 0.049 0.310 0.071 0.126 1.707 59.847 
27 / 65 .  0.657 1.364 2.641 49.618 0.203 0.153 0.082 0.047 0.585 55.350 
27 / 66 .  0.836 3.729 8.470 43.233 0.109 0.444 0.071 0.100 0.931 57.923 
27 / 67 .  1.467 16.281 33.308 13.453 0.120 0.655 0.034 0.082 2.249 67.651 
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27 / 68 .  0.911 5.362 12.395 38.855 0.149 0.686 0.063 0.208 2.109 60.738 
27 / 69 .  0.806 6.379 18.008 34.399 0.189 0.670 0.045 0.172 2.273 62.940 
27 / 70 .  0.884 6.078 61.902 14.416 0.049 0.718 0.044 0.043 1.960 86.093 
27 / 71 .  1.117 9.319 28.437 22.130 0.566 1.193 0.058 0.097 4.270 67.187 
27 / 72 .  0.693 3.502 10.578 43.661 0.058 0.164 0.070 0.087 0.340 59.153 
27 / 73 .  0.719 0.805 1.734 50.653 0.058 0.089 0.082 0.075 0.490 54.704 
27 / 74 .  0.719 0.970 2.558 49.464 0.069 0.126 0.070 0.047 0.624 54.646 
27 / 75 .  0.679 0.297 0.745 51.981 0.205 0.052 0.087 0.037 0.109 54.192 
27 / 76 .  0.719 0.443 1.123 51.354 0.052 0.076 0.086 0.059 0.262 54.173 
27 / 77 .  0.632 0.563 7.264 48.412 0.257 0.101 0.081 0.064 0.181 57.555 
27 / 78 .  1.110 2.499 6.778 45.765 0.426 0.296 0.070 0.057 0.748 57.749 
27 / 79 .  0.758 1.136 4.668 48.611 0.059 0.193 0.080 0.100 0.600 56.205 
27 / 80 .  0.802 1.147 2.887 49.474 0.078 0.157 0.077 0.107 0.862 55.589 
 
 
 
 
 
 
  
Paleoecology of Late Cretaceous methane cold-seeps of the Pierre Shale, South Dakota  
 
149 
 
3420 Traverse Analysis – 10µm defocused beam 
DataSet/Point MgO Al2O3 SiO2 CaO P2O5 K2O SO2 MnO FeO Total% 
48 / 1 .  1.045 5.699 17.707 36.060 0.209 0.687 0.064 0.071 1.321 62.862 
48 / 2 .  0.837 0.294 0.322 51.114 0.044 0.042 0.045 0.070 0.342 53.108 
48 / 3 .  0.742 0.037 0.088 52.328 0.043 0.017 0.012 0.080 0.250 53.597 
48 / 4 .  0.918 0.884 1.631 50.515 0.249 0.236 0.019 0.067 0.224 54.743 
48 / 5 .  0.733 0.000 0.000 52.395 0.027 0.007 0.008 0.129 0.269 53.569 
48 / 6 .  0.748 0.057 0.002 52.251 0.036 0.000 0.012 0.086 0.063 53.255 
48 / 7 .  0.824 0.000 0.001 52.057 0.042 0.000 0.003 0.119 0.252 53.298 
48 / 8 .  0.485 2.304 5.225 45.954 0.123 0.174 0.047 0.192 1.358 55.863 
48 / 9 .  1.229 3.440 8.392 37.295 0.076 0.381 0.061 0.098 10.362 61.333 
48 / 10 .  0.878 2.011 7.539 45.814 0.091 0.265 0.039 0.066 0.573 57.275 
48 / 11 .  0.802 4.786 9.520 41.878 0.194 0.935 0.062 0.121 0.968 59.267 
48 / 12 .  0.915 2.819 9.823 43.585 0.194 0.402 0.052 0.061 0.690 58.542 
48 / 13 .  0.918 5.199 21.179 35.095 0.123 0.467 0.055 0.060 1.231 64.326 
48 / 14 .  0.690 1.147 2.298 49.473 0.060 0.120 0.033 0.147 0.708 54.676 
48 / 15 .  0.723 0.299 0.810 51.175 0.057 0.043 0.020 0.136 0.504 53.766 
48 / 16 .  0.886 2.745 7.081 45.421 0.087 0.531 0.033 0.063 0.578 57.425 
48 / 17 .  0.833 2.088 5.183 46.856 0.045 0.328 0.058 0.098 0.647 56.137 
48 / 18 .  0.831 2.121 4.346 47.713 0.069 0.611 0.035 0.041 0.421 56.188 
48 / 19 .  1.096 2.249 6.285 45.866 0.065 0.313 0.056 0.105 0.843 56.877 
48 / 20 .  0.935 2.285 4.888 46.646 0.063 0.373 0.067 0.074 0.593 55.923 
48 / 21 .  0.762 0.880 2.170 49.830 0.069 0.108 0.065 0.050 0.353 54.286 
48 / 22 .  1.360 2.839 4.836 44.701 0.033 0.202 0.058 0.070 2.566 56.665 
48 / 23 .  0.881 1.394 4.283 48.204 0.050 0.291 0.043 0.072 0.498 55.715 
48 / 24 .  0.629 4.008 8.234 42.595 0.144 0.324 0.033 0.167 1.857 57.991 
48 / 25 .  0.889 4.268 13.155 40.518 0.195 0.513 0.062 0.085 1.023 60.707 
48 / 26 .  0.910 7.796 19.030 34.358 0.241 0.830 0.135 0.049 1.224 64.573 
48 / 27 .  1.016 3.481 8.549 43.173 0.160 0.446 0.063 0.042 1.093 58.022 
48 / 28 .  0.913 2.337 5.637 46.559 0.052 0.216 0.042 0.075 0.900 56.731 
48 / 29 .  0.774 1.620 10.933 45.174 0.082 0.177 0.047 0.094 0.736 59.636 
48 / 30 .  0.927 5.743 4.756 42.785 0.162 0.255 0.067 0.101 0.754 55.549 
48 / 31 .  1.006 3.058 12.021 42.903 0.110 0.376 0.047 0.068 0.816 60.404 
48 / 32 .  0.005 19.782 63.849 2.319 0.099 0.198 0.011 0.000 0.057 86.319 
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48 / 33 .  0.902 1.491 3.267 48.565 0.069 0.168 0.045 0.077 0.553 55.137 
48 / 34 .  0.898 1.484 3.937 47.959 0.118 0.178 0.027 0.068 0.668 55.336 
48 / 35 .  0.629 8.748 14.117 34.157 0.104 0.479 0.080 0.111 2.610 61.035 
48 / 36 .  0.625 5.168 15.697 36.925 0.105 0.318 0.606 0.075 0.859 60.378 
48 / 37 .  1.072 5.171 13.985 38.434 0.197 0.458 0.063 0.076 2.034 61.489 
48 / 38 .  0.736 3.473 7.004 44.693 0.123 0.428 0.039 0.159 0.849 57.504 
48 / 39 .  0.935 7.624 14.976 34.742 0.300 1.168 0.064 0.065 1.553 61.427 
48 / 40 .  0.946 2.495 8.767 45.136 0.091 0.286 0.038 0.076 0.761 58.593 
48 / 41 .  0.451 1.945 3.699 47.050 0.040 0.305 0.021 0.156 1.363 55.029 
48 / 42 .  0.822 3.141 21.440 38.413 0.064 0.488 0.045 0.038 0.856 65.307 
48 / 43 .  0.966 3.266 7.593 43.825 0.112 0.433 0.057 0.070 1.180 57.501 
48 / 44 .  0.740 6.763 14.151 38.801 0.038 0.664 0.062 0.199 0.755 62.174 
48 / 45 .  0.780 2.166 8.489 45.840 0.066 0.213 0.053 0.080 0.546 58.234 
48 / 46 .  1.097 2.439 6.604 45.986 0.118 0.234 0.029 0.072 1.009 57.589 
48 / 47 .  1.175 2.242 5.288 46.357 0.351 0.184 0.030 0.102 1.426 57.154 
48 / 48 .  0.815 3.042 8.085 44.366 0.099 0.370 0.049 0.098 1.013 57.937 
48 / 49 .  0.872 2.912 7.379 44.717 0.193 0.366 0.057 0.153 0.999 57.649 
48 / 50 .  0.843 2.449 21.636 40.209 0.102 0.310 0.044 0.405 0.696 66.693 
48 / 51 .  0.917 3.665 6.711 43.504 0.102 0.657 0.050 0.069 1.459 57.135 
48 / 52 .  1.193 3.649 8.492 42.992 0.122 0.685 0.068 0.050 1.101 58.351 
48 / 53 .  0.687 6.440 13.637 38.714 0.064 0.801 0.066 0.076 0.878 61.362 
48 / 54 .  0.826 2.462 5.957 46.004 0.122 0.321 0.063 0.062 0.793 56.612 
48 / 55 .  0.782 3.515 17.411 38.583 0.075 0.291 0.056 0.047 1.076 61.837 
48 / 56 .  0.880 2.371 5.435 44.599 0.080 0.290 0.058 0.069 3.095 56.877 
48 / 57 .  0.819 1.974 5.863 42.638 0.071 0.292 0.074 0.068 5.512 57.311 
48 / 58 .  0.880 1.966 5.232 47.241 0.085 0.284 0.059 0.071 0.589 56.407 
48 / 59 .  1.183 0.210 0.596 50.919 0.074 0.019 0.024 0.092 0.323 53.440 
48 / 60 .  0.844 0.029 0.009 51.893 0.053 0.009 0.006 0.075 0.341 53.259 
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3440 Traverse Analysis – 10µm defocused beam 
DataSet/Point MgO Al2O3 SiO2 CaO P2O5 K2O SO2 MnO FeO Total% 
49 / 1 .  0.585 0.303 0.747 48.225 0.049 0.059 0.067 0.313 0.154 50.502 
49 / 2 .  0.591 1.056 4.002 45.075 0.039 0.157 0.052 0.367 0.534 51.874 
49 / 3 .  0.643 1.121 2.218 46.142 0.073 0.127 0.068 0.158 0.462 51.012 
49 / 4 .  0.629 1.591 3.383 44.762 0.088 0.390 0.080 0.191 0.677 51.791 
49 / 5 .  0.608 1.732 4.781 44.181 0.052 0.481 0.058 0.263 0.894 53.050 
49 / 6 .  0.696 1.808 4.739 42.658 0.050 0.285 0.060 0.247 0.907 51.451 
49 / 7 .  0.633 1.190 5.033 44.850 0.077 0.180 0.064 0.350 0.657 53.035 
49 / 8 .  0.580 0.508 1.207 48.813 0.071 0.091 0.085 0.113 0.385 51.853 
49 / 9 .  0.616 0.471 1.408 49.024 0.065 0.076 0.083 0.148 0.218 52.109 
49 / 10 .  0.739 0.871 2.600 47.597 0.044 0.164 0.079 0.232 0.640 52.966 
49 / 11 .  0.672 0.645 1.624 48.533 0.056 0.116 0.073 0.238 0.223 52.180 
49 / 12 .  0.692 1.868 4.663 44.239 0.058 0.289 0.047 0.744 0.629 53.229 
49 / 13 .  0.619 1.907 6.953 43.156 0.046 0.333 0.066 0.293 0.740 54.113 
49 / 14 .  0.640 8.902 14.674 27.350 0.189 0.363 0.056 0.319 1.691 54.184 
49 / 15 .  0.632 0.980 2.318 47.450 0.103 0.129 0.071 0.456 0.516 52.654 
49 / 16 .  0.584 1.324 3.682 46.469 0.167 0.218 0.054 0.623 0.599 53.720 
49 / 17 .  0.571 2.104 24.912 34.477 0.062 0.453 0.049 0.152 0.637 63.417 
49 / 18 .  0.512 1.396 4.401 45.875 0.064 0.190 0.047 0.696 0.778 53.958 
49 / 19 .  0.735 1.884 5.590 44.946 0.059 0.295 0.047 0.503 0.730 54.789 
49 / 20 .  0.679 1.329 2.768 47.733 0.055 0.229 0.065 0.211 0.512 53.580 
49 / 21 .  0.676 2.503 4.119 44.948 0.074 0.274 0.072 0.187 0.652 53.504 
49 / 22 .  0.620 0.423 1.025 49.963 0.070 0.084 0.062 0.439 0.322 53.008 
49 / 23 .  0.527 2.812 8.645 43.226 0.058 1.636 0.065 0.423 0.561 57.953 
49 / 24 .  0.569 0.531 1.489 49.833 0.042 0.148 0.060 0.270 0.298 53.240 
49 / 25 .  0.705 0.895 2.305 49.158 0.059 0.207 0.084 0.175 0.298 53.885 
49 / 26 .  0.647 0.715 1.887 49.662 0.090 0.090 0.083 0.153 0.325 53.653 
49 / 27 .  0.664 1.345 3.807 46.252 0.060 0.259 0.058 0.440 0.585 53.471 
49 / 28 .  1.155 9.953 21.430 24.838 0.032 0.265 0.041 0.209 1.981 59.903 
49 / 29 .  0.621 0.518 1.858 49.601 0.088 0.091 0.061 0.770 0.178 53.786 
49 / 30 .  0.597 2.352 5.495 46.002 0.075 0.313 0.047 0.476 0.788 56.145 
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49 / 31 .  0.542 0.591 1.264 50.520 0.079 0.094 0.059 0.414 0.305 53.868 
49 / 32 .  0.542 0.436 1.295 49.840 0.078 0.059 0.072 0.156 1.713 54.190 
49 / 33 .  0.531 1.482 4.032 47.707 0.071 0.254 0.070 0.509 0.651 55.307 
49 / 34 .  0.445 5.969 7.258 43.363 0.051 0.070 0.061 0.086 0.149 57.452 
49 / 35 .  0.615 0.995 2.980 48.769 0.072 0.111 0.070 0.177 0.308 54.097 
49 / 36 .  0.450 0.247 0.593 50.395 0.055 0.040 0.039 1.103 0.242 53.165 
49 / 37 .  0.512 3.660 40.596 21.041 0.149 0.541 0.042 0.300 2.243 69.086 
49 / 38 .  0.527 0.862 2.428 49.380 0.044 0.130 0.061 0.603 0.331 54.367 
49 / 39 .  0.434 1.033 4.374 48.545 0.038 0.142 0.036 0.877 0.470 55.951 
49 / 40 .  0.528 1.761 3.758 47.077 0.070 0.206 0.061 0.583 0.717 54.762 
49 / 41 .  0.635 1.177 9.261 46.415 0.040 0.201 0.081 0.159 0.549 58.517 
49 / 42 .  0.554 2.636 6.533 45.604 0.060 0.421 0.056 0.674 0.787 57.326 
49 / 43 .  0.569 0.853 2.365 49.849 0.037 0.105 0.071 0.646 0.298 54.793 
49 / 44 .  0.000 0.007 97.253 0.296 0.005 0.000 0.013 0.011 0.000 97.586 
49 / 45 .  0.735 0.726 1.898 50.955 0.069 0.102 0.086 0.207 0.398 55.175 
49 / 46 .  0.804 0.764 1.263 51.163 0.101 0.087 0.264 0.147 0.319 54.913 
49 / 47 .  0.668 0.660 1.631 51.387 0.065 0.090 0.089 0.160 0.382 55.132 
49 / 48 .  0.668 1.681 4.071 48.281 0.045 0.183 0.059 0.446 0.647 56.081 
49 / 49 .  0.649 0.422 1.473 51.616 0.045 0.072 0.096 0.195 0.207 54.773 
49 / 50 .  0.759 2.765 7.507 44.476 0.082 0.421 0.064 0.547 1.382 58.003 
49 / 51 .  0.872 5.428 10.124 41.270 0.095 0.749 0.078 0.317 1.423 60.355 
49 / 52 .  0.995 3.170 9.166 42.514 0.072 0.400 0.077 0.384 1.437 58.215 
49 / 53 .  0.812 3.977 10.553 41.390 0.077 0.466 0.062 0.467 1.482 59.286 
49 / 54 .  0.681 1.578 4.050 47.908 0.060 0.195 0.059 0.763 0.585 55.879 
49 / 55 .  0.640 1.179 2.746 49.533 0.039 0.135 0.076 0.427 0.321 55.096 
49 / 56 .  0.728 6.995 11.770 38.655 0.071 0.831 0.073 0.260 1.275 60.658 
49 / 57 .  1.178 25.204 37.816 10.297 0.024 7.047 0.030 0.040 1.359 82.994 
49 / 58 .  0.680 3.584 19.663 38.914 0.138 0.492 0.066 0.369 0.834 64.740 
49 / 59 .  1.349 21.227 42.047 4.918 0.003 0.338 0.032 0.059 3.080 73.054 
49 / 60 .  0.778 3.603 7.433 44.158 0.055 0.507 0.081 0.324 1.129 58.069 
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3462 Traverse Analysis – 10µm defocused beam 
DataSet/Point Na2O MgO Al2O3 SiO2 P2O5 SO2 K2O Cl BaO CaO TiO2 MnO FeO Total% 
7 / 1 .  0.144 2.335 8.999 27.931 0.447 0.049 0.879 0.008 0.298 29.718 0.017 0.059 0.689 71.573 
7 / 2 .  0.111 2.908 4.440 17.079 0.313 0.014 0.506 0.000 0.023 38.658 0.043 0.067 0.980 65.141 
7 / 3 .  0.148 2.461 5.063 13.097 1.199 0.042 0.737 0.016 0.000 38.707 1.928 0.151 1.850 65.399 
7 / 4 .  0.106 2.984 2.475 7.866 0.295 0.039 0.341 0.011 0.000 45.035 0.067 0.123 0.981 60.324 
7 / 5 .  0.117 3.008 2.526 9.216 0.276 0.037 0.355 0.010 0.008 43.939 0.039 0.103 0.695 60.326 
7 / 6 .  0.124 3.086 1.872 7.136 0.198 0.037 0.259 0.006 0.000 45.708 0.050 0.113 0.814 59.404 
7 / 7 .  0.519 2.791 4.300 11.223 1.039 0.018 0.664 0.012 0.000 41.425 0.071 0.158 1.400 63.619 
7 / 8 .  0.111 2.591 3.334 15.994 0.552 0.042 0.390 0.011 0.000 39.721 0.244 0.147 1.451 64.588 
7 / 9 .  0.335 2.595 4.448 11.495 0.913 0.071 1.104 0.007 0.000 41.098 0.150 0.119 1.461 63.797 
7 / 10 .  0.118 2.560 4.724 11.681 1.544 0.102 0.646 0.008 0.005 40.389 0.145 0.167 2.034 64.120 
7 / 11 .  0.074 2.648 4.542 9.781 1.209 0.046 0.619 0.006 0.008 41.349 0.111 0.125 2.456 62.974 
7 / 12 .  0.159 2.674 4.090 12.329 0.740 0.048 0.504 0.005 0.023 40.307 0.075 0.139 2.526 63.619 
7 / 13 .  0.896 2.254 5.477 15.430 0.687 0.040 1.118 0.007 0.000 37.762 1.529 0.150 1.305 66.657 
7 / 14 .  0.105 3.017 4.204 8.360 0.956 0.049 0.640 0.011 0.000 42.971 0.062 0.123 0.972 61.473 
7 / 15 .  0.103 3.075 2.458 6.210 0.307 0.039 0.237 0.006 0.000 46.101 0.088 0.114 0.815 59.553 
7 / 16 .  0.160 3.407 1.020 2.756 0.206 0.034 0.134 0.006 0.007 49.813 0.007 0.086 0.359 57.996 
7 / 17 .  0.112 3.418 1.543 4.274 0.159 0.046 0.359 0.006 0.000 47.190 0.041 0.107 0.466 57.720 
7 / 18 .  0.103 2.631 2.808 23.970 0.311 0.033 0.525 0.016 0.035 35.634 0.030 0.059 0.957 67.113 
7 / 19 .  0.121 3.348 1.912 3.831 0.240 0.033 0.221 0.004 0.000 46.872 0.038 0.126 0.489 57.236 
7 / 20 .  0.145 3.161 1.626 5.478 0.176 0.046 0.203 0.009 0.000 46.898 0.233 0.111 0.552 58.639 
7 / 21 .  0.164 3.276 1.067 4.572 0.265 0.065 0.142 0.005 0.003 48.229 0.031 0.116 0.498 58.434 
7 / 22 .  0.123 3.337 0.582 2.347 0.185 0.074 0.093 0.008 0.000 50.580 0.045 0.125 0.248 57.746 
7 / 23 .  0.175 3.782 0.364 0.850 0.174 0.065 0.037 0.004 0.005 54.994 0.009 0.128 0.118 60.707 
7 / 24 .  0.095 3.718 0.000 0.000 0.221 0.027 0.007 0.000 0.001 54.949 0.000 0.054 0.071 59.143 
7 / 25 .  0.112 3.265 2.652 5.796 0.216 0.064 0.412 0.008 0.000 44.633 0.123 0.106 2.034 59.421 
7 / 26 .  0.167 3.104 2.660 5.822 0.372 0.049 0.369 0.011 0.007 45.223 0.099 0.149 1.066 59.098 
7 / 27 .  0.129 2.744 3.361 18.140 0.433 0.039 0.767 0.011 0.010 38.589 0.072 0.088 0.688 65.072 
7 / 28 .  0.308 3.129 1.415 4.778 0.297 0.050 0.190 0.011 0.000 47.598 0.044 0.109 0.364 58.292 
7 / 29 .  0.052 3.205 1.602 4.094 0.217 0.029 0.214 0.007 0.000 47.728 0.061 0.094 0.437 57.738 
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7 / 30 .  0.083 3.375 1.039 2.480 0.188 0.053 0.131 0.010 0.000 47.726 0.008 0.137 2.139 57.370 
7 / 31 .  0.197 2.454 3.210 22.596 0.478 0.054 0.385 0.013 0.003 36.141 0.044 0.086 2.019 67.680 
7 / 32 .  0.184 3.069 3.587 7.888 0.467 0.028 0.392 0.012 0.000 42.879 0.056 0.120 1.454 60.136 
7 / 33 .  0.112 3.788 0.566 1.171 0.268 0.012 0.058 0.009 0.000 49.996 0.040 0.106 0.197 56.324 
7 / 34 .  0.896 3.482 1.825 4.951 0.251 0.029 0.078 0.002 0.018 48.269 0.000 0.071 0.233 60.105 
7 / 35 .  0.171 3.882 0.210 0.691 0.205 0.026 0.054 0.004 0.006 54.302 0.000 0.078 0.056 59.685 
7 / 36 .  0.066 3.867 0.130 0.247 0.238 0.024 0.020 0.004 0.007 53.828 0.000 0.097 0.097 58.625 
7 / 37 .  0.120 3.369 1.713 5.205 0.355 0.028 0.306 0.005 0.000 46.331 0.060 0.150 0.723 58.364 
7 / 38 .  0.061 2.374 5.519 12.509 0.299 0.034 0.333 0.013 0.000 38.997 0.094 0.177 1.640 62.050 
7 / 39 .  0.088 3.142 3.753 7.855 0.492 0.042 0.519 0.007 0.000 42.932 0.079 0.111 1.439 60.458 
7 / 40 .  0.846 2.531 6.262 18.168 0.338 0.046 2.190 0.008 0.045 35.269 0.042 0.078 0.715 66.537 
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3465 Traverse Analysis – 10µm defocused beam 
DataSet/Point Na2O MgO Al2O3 SiO2 P2O5 SO2 K2O Cl BaO CaO TiO2 MnO FeO Total% 
15 / 1 .  0.115 2.911 2.808 6.869 0.144 0.050 0.487 0.010 0.000 44.99 0.106 0.213 1.331 60.033 
15 / 2 .  0.088 2.960 2.803 6.440 0.129 0.039 0.346 0.006 0.000 45.206 0.069 0.188 1.180 59.452 
15 / 3 .  0.091 2.802 2.144 5.408 0.083 0.044 0.325 0.000 0.000 46.864 0.056 0.226 0.785 58.827 
15 / 4 .  0.235 2.873 3.176 7.405 0.077 0.088 0.755 0.008 0.015 45.55 0.052 0.198 1.189 61.621 
15 / 5 .  0.086 1.346 4.086 3.155 0.118 0.091 0.263 0.354 0.009 26.993 0.027 0.140 0.498 37.165 
15 / 6 .  0.146 2.963 3.968 7.389 0.082 0.022 0.562 0.009 0.005 44.188 0.074 0.307 0.925 60.639 
15 / 7 .  0.236 2.402 3.768 12.127 0.132 0.048 0.995 0.005 0.021 42.289 0.076 0.228 0.890 63.216 
15 / 8 .  0.087 2.602 3.933 10.308 0.100 0.061 0.587 0.001 0.001 42.227 0.081 0.235 1.805 62.027 
15 / 9 .  0.071 2.722 3.077 8.937 0.087 0.046 0.498 0.014 0.000 44.477 0.133 0.186 1.003 61.251 
15 / 10 .  0.217 2.820 2.382 6.891 0.088 0.052 0.337 0.002 0.000 45.553 0.055 0.238 1.199 59.832 
15 / 11 .  0.107 2.868 2.125 4.344 0.081 0.038 0.324 0.006 0.001 48.056 0.065 0.202 0.690 58.909 
15 / 12 .  0.122 2.794 2.150 6.542 0.145 0.057 0.340 0.012 0.000 45.997 0.026 0.209 0.751 59.145 
15 / 13 .  0.181 3.954 0.000 0.000 0.073 0.004 0.000 0.003 0.005 55.094 0.000 0.153 0.022 59.489 
15 / 14 .  0.242 3.207 1.353 3.752 0.087 0.009 0.169 0.005 0.000 49.12 0.052 0.105 0.522 58.622 
15 / 15 .  0.118 2.907 2.829 7.080 0.107 0.033 0.373 0.007 0.000 45.029 0.060 0.218 0.891 59.651 
15 / 16 .  0.107 3.613 0.227 1.121 0.093 0.013 0.027 0.005 0.000 54.151 0.009 0.238 0.109 59.714 
15 / 17 .  0.058 3.353 1.562 3.290 0.098 0.015 0.225 0.007 0.002 48.856 0.121 0.119 0.634 58.341 
15 / 18 .  0.122 3.750 0.137 0.334 0.043 0.023 0.029 0.000 0.024 55.727 0.010 0.053 0.138 60.391 
15 / 19 .  0.088 3.221 0.655 2.686 0.078 0.064 0.078 0.009 0.014 39.643 0.047 0.165 15.819 62.566 
15 / 20 .  0.119 3.367 1.261 2.995 0.077 0.034 0.139 0.005 0.013 49.981 0.040 0.139 0.396 58.565 
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3344 Traverse Analysis – 10µm defocused beam 
DataSet/Point Na2O MgO Al2O3 SiO2 P2O5 SO2 K2O Cl BaO CaO TiO2 MnO FeO Total% 
20 / 1 .  1.362 2.694 0.937 24.791 0.330 0.145 0.077 0.008 0.000 39.781 0.015 0.131 0.653 70.923 
21 / 1 .  0.128 3.347 1.847 4.779 0.172 0.037 0.162 0.008 0.017 46.970 0.071 0.052 0.601 58.192 
21 / 2 .  0.093 3.218 1.660 5.553 0.182 0.064 0.228 0.007 0.000 46.172 0.027 0.019 0.656 57.879 
21 / 3 .  0.079 3.522 1.951 4.624 0.180 0.057 0.191 0.008 0.001 46.342 0.054 0.062 0.842 57.913 
21 / 4 .  0.099 3.124 1.483 3.248 0.222 0.102 0.212 0.006 0.000 47.771 0.020 0.195 0.780 57.262 
21 / 5 .  0.123 3.157 1.696 7.059 0.145 0.070 0.241 0.009 0.004 45.450 0.061 0.163 0.614 58.792 
21 / 6 .  0.092 3.205 2.316 7.444 0.268 0.076 0.291 0.004 0.005 44.540 0.051 0.168 0.871 59.333 
21 / 7 .  0.194 3.289 1.854 4.938 0.130 0.084 0.226 0.008 0.000 46.767 0.103 0.138 0.626 58.356 
21 / 8 .  0.109 3.104 3.501 11.905 0.191 0.065 0.385 0.014 0.000 40.949 0.114 0.206 1.728 62.269 
21 / 9 .  0.195 3.183 1.802 5.039 0.168 0.092 0.195 0.006 0.000 46.015 0.442 0.153 0.770 58.060 
21 / 10 .  0.170 3.184 2.337 6.043 0.252 0.086 0.308 0.008 0.000 44.615 0.110 0.196 1.494 58.802 
21 / 11 .  0.090 3.389 1.570 3.178 0.156 0.070 0.198 0.001 0.001 47.772 0.019 0.196 0.586 57.227 
21 / 12 .  0.306 3.192 2.247 6.450 0.176 0.083 0.344 0.001 0.000 44.837 0.094 0.229 0.602 58.559 
21 / 13 .  0.105 3.065 3.201 9.448 0.207 0.085 1.205 0.007 0.050 43.083 0.036 0.179 0.558 61.228 
21 / 14 .  0.216 3.335 1.901 4.742 0.410 0.051 0.180 0.004 0.000 45.928 0.063 0.224 0.672 57.725 
21 / 15 .  0.104 3.358 1.792 4.243 0.152 0.080 0.182 0.005 0.005 46.670 0.042 0.212 0.703 57.548 
21 / 16 .  0.126 3.284 2.621 5.937 0.119 0.066 0.299 0.001 0.000 44.606 0.056 0.229 1.411 58.754 
21 / 17 .  0.079 3.318 1.793 7.665 0.178 0.060 0.217 0.001 0.000 44.927 0.113 0.189 0.679 59.218 
21 / 18 .  0.133 3.177 2.602 5.803 0.090 0.078 0.374 0.006 0.000 45.021 0.064 0.198 0.690 58.235 
21 / 19 .  0.145 3.252 1.746 5.518 0.078 0.039 0.203 0.007 0.013 45.701 0.048 0.214 0.649 57.614 
21 / 20 .  0.123 2.931 2.697 3.839 0.092 0.251 0.184 0.030 0.000 43.405 0.100 0.155 0.486 54.294 
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3504 Traverse Analysis – 10µm defocused beam 
DataSet/Point Na2O MgO Al2O3 SiO2 P2O5 SO2 K2O Cl BaO CaO TiO2 MnO FeO Total% 
27 / 1 .  0.226 2.179 17.928 50.680 0.081 0.088 2.368 0.083 0.000 0.754 0.473 0.031 5.224 80.12 
27 / 2 .  0.187 1.934 17.381 54.238 1.139 0.065 2.526 0.059 0.000 2.485 1.225 0.030 4.378 85.65 
27 / 3 .  0.158 1.934 16.949 50.500 2.807 0.072 2.443 0.067 0.000 4.781 0.866 0.018 4.318 84.91 
27 / 4 .  0.303 1.993 15.585 48.366 4.382 0.105 2.433 0.081 0.000 7.207 0.931 0.051 4.459 86.17 
27 / 5 .  0.309 1.707 13.530 43.358 8.548 0.098 2.173 0.100 0.000 ##### 0.307 0.034 3.997 85.37 
27 / 6 .  0.524 1.141 13.864 41.199 9.843 0.141 3.820 0.111 0.006 ##### 0.347 0.026 2.631 91.46 
27 / 7 .  0.326 1.311 16.044 39.776 8.788 0.118 3.780 0.105 0.000 ##### 0.446 0.048 3.07 84.54 
27 / 8 .  0.288 1.651 18.277 47.192 3.398 0.107 3.062 0.083 0.000 4.596 0.505 0.015 3.82 82.99 
27 / 9 .  0.405 2.019 17.958 54.583 0.100 0.064 2.933 0.066 0.000 0.915 0.692 0.000 4.341 84.08 
27 / 10 .  0.505 2.439 16.602 56.574 0.048 0.071 2.619 0.072 0.000 0.570 0.613 0.032 4.662 84.81 
27 / 11 .  0.171 2.479 13.641 63.360 0.038 0.052 2.379 0.065 0.000 0.419 0.338 0.006 4.274 87.22 
27 / 12 .  0.179 1.908 15.772 60.683 0.054 0.066 3.101 0.056 0.000 0.442 0.503 0.009 4.272 87.04 
27 / 13 .  0.347 2.161 17.768 55.749 0.067 0.107 2.696 0.076 0.000 0.529 0.559 0.026 4.759 84.84 
27 / 14 .  0.327 2.359 18.115 53.866 0.066 0.128 2.403 0.079 0.000 0.578 0.496 0.040 5.032 83.49 
27 / 15 .  0.276 2.495 17.039 59.226 0.052 0.068 2.377 0.068 0.000 0.470 0.382 0.036 5.076 87.56 
27 / 16 .  1.045 1.959 14.188 64.302 0.048 0.087 1.992 0.056 0.000 0.413 0.292 0.019 4.374 88.78 
27 / 17 .  1.054 1.583 14.206 62.412 0.032 0.125 1.908 0.072 0.000 0.386 0.236 0.028 3.382 85.42 
27 / 18 .  0.393 2.039 16.090 56.659 0.082 0.106 2.180 0.085 0.000 0.500 0.407 0.044 4.547 83.13 
27 / 19 .  0.332 2.096 16.623 57.581 0.083 0.083 2.329 0.077 0.000 0.522 0.502 0.043 4.954 85.22 
27 / 20 .  0.215 1.916 17.699 56.924 0.085 0.167 2.903 0.075 0.000 0.468 0.461 0.026 4.721 85.66 
27 / 21 .  0.231 1.815 16.616 58.860 0.083 0.235 2.755 0.074 0.000 0.484 0.488 0.032 4.19 85.86 
27 / 22 .  0.190 1.923 15.995 60.173 0.091 0.254 2.329 0.072 0.000 0.435 1.006 0.019 4.049 86.54 
27 / 23 .  0.245 2.909 14.557 61.599 0.046 0.046 2.191 0.059 0.000 0.394 0.840 0.018 3.894 86.8 
27 / 24 .  0.182 4.279 17.840 53.773 0.047 0.054 2.337 0.079 0.000 0.467 0.539 0.018 4.899 84.51 
27 / 25 .  0.311 2.180 17.767 55.048 0.039 0.066 2.699 0.091 0.000 0.485 0.563 0.050 5.006 84.31 
27 / 26 .  0.229 2.149 17.154 58.899 0.018 0.079 2.821 0.070 0.000 0.484 0.383 0.051 4.978 87.32 
27 / 27 .  0.134 1.517 12.389 70.458 0.038 0.079 2.134 0.048 0.000 0.373 0.338 0.003 3.381 90.89 
27 / 28 .  0.174 1.359 12.657 68.856 0.075 0.036 1.740 0.048 0.000 0.401 0.403 0.037 3.399 89.18 
27 / 29 .  0.196 1.451 13.802 62.848 0.056 0.046 1.860 0.058 0.000 0.424 0.555 0.025 3.236 84.56 
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27 / 30 .  0.216 2.193 17.870 57.420 0.062 0.062 2.392 0.066 0.000 0.528 0.609 0.013 4.547 85.98 
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3503 Traverse Analysis – 20µm defocused beam  
DataSet/Point Na2O MgO Al2O3 SiO2 TiO2 MnO FeO P2O5 SO2 K2O CaO BaO Total 
 
10 / 1 .  0.099 0.003 0.273 0.042 0.021 0.756 63.965 0.003 103.573 0.000 0.095 0.000 168.830 
10 / 2 .  0.077 0.019 0.081 0.023 0.027 0.462 64.240 0.020 105.444 0.006 0.097 0.000 170.496 
10 / 3 .  0.060 0.024 0.442 0.090 0.022 0.504 62.723 0.013 101.330 0.006 0.152 0.004 165.369 
10 / 4 .  0.195 3.012 1.153 4.961 0.000 2.135 48.948 0.042 9.339 0.218 3.803 0.099 73.906 
10 / 5 .  0.037 1.915 1.066 1.281 0.054 1.787 42.175 0.043 26.475 0.029 14.192 0.018 89.072 
10 / 6 .  0.086 0.144 2.961 1.176 0.014 1.282 56.145 0.023 88.707 0.055 3.606 0.040 154.238 
10 / 7 .  0.078 0.103 0.984 0.880 0.029 1.252 43.656 0.062 77.194 0.036 7.844 0.000 132.119 
10 / 8 .  0.088 0.019 0.147 0.025 0.000 0.444 64.074 0.006 105.640 0.018 0.160 0.000 170.622 
10 / 9 .  0.048 0.000 0.039 0.033 0.001 0.330 64.176 0.016 106.105 0.007 0.101 0.000 170.858 
10 / 10 .  0.003 0.002 0.296 0.004 0.016 0.235 64.761 0.007 106.424 0.016 0.114 0.003 171.882 
10 / 11 .  0.053 0.020 0.071 0.026 0.000 0.358 64.151 0.000 105.917 0.008 0.169 0.000 170.773 
10 / 12 .  0.047 1.099 0.689 0.528 0.041 1.602 47.466 0.086 43.575 0.030 14.803 0.022 109.988 
10 / 13 .  0.113 0.904 0.600 0.331 0.000 1.154 56.785 0.013 78.776 0.033 3.376 0.004 142.087 
10 / 14 .  0.053 0.472 1.788 5.461 0.072 1.029 43.076 0.252 70.542 0.411 8.384 0.000 131.541 
10 / 15 .  0.050 1.639 2.674 3.124 0.031 1.413 53.020 0.052 46.614 0.218 2.127 0.008 110.969 
10 / 16 .  0.067 1.701 1.438 0.871 0.012 1.535 55.536 0.059 59.348 0.039 2.586 0.017 123.210 
10 / 17 .  0.032 3.968 0.113 0.256 0.015 1.252 52.712 0.088 5.920 0.012 3.116 0.000 67.484 
11 / 1 .  0.138 2.584 7.963 14.437 0.089 0.750 33.455 0.171 0.910 0.755 3.140 0.002 64.393 
11 / 2 .  0.124 4.071 2.974 6.004 0.066 1.127 46.832 0.189 0.016 0.309 3.418 0.017 65.149 
11 / 3 .  0.237 2.044 14.532 34.053 0.369 0.609 20.858 0.385 0.058 1.303 3.545 0.000 77.992 
11 / 4 .  0.348 3.398 7.018 11.475 0.236 0.981 38.896 0.192 0.039 0.548 2.999 0.000 66.132 
11 / 5 .  1.654 3.340 7.514 17.217 0.091 0.820 38.747 0.172 0.018 0.453 3.021 0.019 73.067 
11 / 6 .  0.201 4.180 4.233 7.547 0.074 1.044 43.894 0.203 0.036 0.618 4.173 0.000 66.203 
11 / 7 .  0.112 3.811 6.106 7.621 0.079 1.011 43.488 0.200 0.037 0.410 3.616 0.011 66.502 
11 / 8 .  0.087 4.027 2.184 5.505 0.036 0.964 48.035 0.207 0.035 0.262 3.177 0.000 64.518 
11 / 9 .  0.124 3.176 9.213 17.537 0.238 0.968 35.085 0.191 0.057 0.857 3.662 0.000 71.109 
11 / 10 .  0.094 3.813 5.301 7.887 0.223 0.877 43.646 0.156 0.012 0.578 3.245 0.000 65.831 
11 / 11 .  0.216 3.515 4.618 14.316 0.090 1.078 41.380 0.173 0.036 0.552 3.138 0.000 69.112 
11 / 12 .  0.044 4.509 3.273 5.218 0.045 1.136 46.311 0.160 0.011 0.365 3.531 0.000 64.606 
11 / 13 .  0.096 3.303 6.727 15.246 0.081 0.989 38.815 0.189 0.042 0.818 3.229 0.076 69.611 
11 / 14 .  0.050 3.734 3.213 12.959 0.100 0.917 42.516 0.145 0.007 0.388 3.449 0.011 67.489 
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11 / 15 .  0.097 3.580 6.071 9.152 0.131 1.046 42.630 0.136 0.029 0.431 3.303 0.000 66.607 
11 / 16 .  0.087 3.640 3.280 5.904 0.094 0.985 42.641 0.121 0.311 0.313 3.372 0.000 60.748 
11 / 17 .  0.537 2.848 6.671 21.017 0.174 1.036 35.329 0.161 0.042 0.701 2.892 0.000 71.407 
11 / 18 .  0.449 1.696 10.423 31.895 0.180 0.627 18.250 0.269 0.054 1.383 10.431 0.024 75.681 
11 / 19 .  0.265 1.995 1.753 6.906 0.021 1.276 20.354 0.209 0.041 0.295 25.918 0.016 59.049 
11 / 20 .  0.051 4.116 1.585 3.087 2.662 0.989 47.316 0.113 0.023 0.246 3.476 0.000 63.664 
11 / 21 .  0.061 4.172 1.519 4.903 0.069 1.134 47.948 0.064 0.045 0.248 3.466 0.000 63.629 
11 / 22 .  0.165 2.691 9.844 20.078 0.138 0.889 22.468 0.076 0.173 1.379 11.976 0.000 69.876 
11 / 23 .  0.109 3.577 1.791 12.731 0.050 0.991 44.095 0.115 0.011 0.236 3.102 0.000 66.807 
11 / 24 .  0.326 1.591 8.399 44.117 0.200 0.649 19.902 0.093 0.119 1.745 1.926 0.000 79.066 
11 / 25 .  0.076 4.062 4.346 7.192 0.093 1.124 44.085 0.495 0.022 0.461 3.628 0.000 65.582 
11 / 26 .  0.258 3.528 8.689 15.030 0.134 1.235 36.148 0.128 0.012 1.157 3.095 0.003 69.417 
11 / 27 .  0.088 5.151 2.725 5.389 0.075 1.161 43.934 0.105 0.023 0.508 4.331 0.007 63.497 
11 / 28 .  0.150 3.424 6.977 12.711 0.601 1.230 37.881 0.106 0.039 0.712 2.920 0.000 66.753 
11 / 29 .  0.076 4.069 5.456 10.726 0.117 1.093 40.951 0.138 0.036 0.720 3.104 0.000 66.485 
11 / 30 .  0.090 4.477 5.121 6.139 0.104 1.202 42.484 0.112 0.017 0.651 3.674 0.008 64.078 
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3457 Traverse Analysis – 20µm defocused beam 
DataSet/Point Na2O MgO Al2O3 SiO2 TiO2 MnO FeO P2O5 SO2 K2O CaO BaO Total 
25 / 1 .  0.122 0.461 2.105 47.103 0.031 0.552 0.295 0.147 0.031 0.174 25.328 0.007 76.355 
25 / 2 .  0.183 1.371 8.124 18.810 0.307 0.406 4.183 0.611 0.081 0.797 30.060 0.000 64.934 
25 / 3 .  0.053 1.077 3.611 9.567 0.152 0.673 0.902 0.356 0.040 0.580 41.841 0.001 58.853 
25 / 4 .  0.041 0.704 2.103 7.041 0.073 1.092 0.474 0.187 0.063 0.211 44.793 0.027 56.810 
25 / 5 .  0.131 0.801 2.098 5.821 0.051 1.012 0.492 0.325 0.055 0.276 44.962 0.000 56.023 
25 / 6 .  0.140 1.102 4.567 11.549 2.383 0.639 1.257 0.356 0.053 0.592 38.049 0.000 60.687 
25 / 7 .  0.303 1.207 9.242 27.692 0.193 0.260 1.527 0.853 0.055 1.375 28.272 0.009 70.986 
25 / 8 .  0.041 0.924 3.161 9.356 0.161 0.791 1.285 0.511 0.060 0.472 41.035 0.000 57.795 
25 / 9 .  0.009 0.659 0.032 0.068 0.005 0.458 0.056 0.086 0.096 0.004 50.394 0.008 51.875 
25 / 10 .  0.066 0.951 3.060 8.130 0.032 0.857 0.784 0.296 0.043 0.405 42.597 0.018 57.238 
25 / 11 .  0.077 0.916 3.114 7.783 0.147 0.771 4.035 0.248 0.024 0.423 39.781 0.000 57.318 
25 / 12 .  0.069 0.939 4.749 14.139 0.103 0.767 0.915 0.468 0.048 0.607 38.561 0.003 61.368 
25 / 13 .  0.023 0.974 3.501 19.644 0.085 0.699 1.105 0.425 0.053 0.436 37.076 0.000 64.020 
25 / 14 .  0.300 1.190 13.018 22.053 0.187 0.423 1.255 0.568 0.071 2.186 27.579 0.044 68.873 
25 / 15 .  0.126 0.965 4.516 11.852 0.069 0.779 1.140 0.291 0.042 0.243 39.664 0.006 59.693 
25 / 16 .  0.067 0.745 1.886 6.146 0.022 1.188 0.946 0.268 0.053 0.237 44.983 0.000 56.540 
25 / 17 .  0.187 1.032 7.146 30.142 0.123 0.353 1.458 0.605 0.056 0.980 28.505 0.000 70.587 
25 / 18 .  0.047 0.781 1.992 9.545 0.081 0.977 0.491 0.283 0.067 0.240 43.487 0.000 57.990 
25 / 19 .  0.580 1.453 10.429 24.343 0.058 0.408 1.646 0.157 0.026 0.301 26.132 0.004 65.536 
25 / 20 .  0.044 0.898 2.615 10.665 0.048 0.869 0.661 0.390 0.043 0.349 41.234 0.000 57.816 
25 / 21 .  0.097 1.392 5.202 33.828 0.319 0.255 1.651 0.790 0.036 0.862 28.395 0.000 72.826 
25 / 22 .  0.049 0.884 3.021 10.535 0.048 0.810 0.754 0.547 0.064 0.410 41.849 0.008 58.979 
25 / 23 .  0.038 0.865 3.639 11.963 0.107 0.855 0.761 0.477 0.066 0.545 40.985 0.000 60.300 
25 / 24 .  0.090 1.144 4.964 16.784 0.145 0.607 1.387 0.819 0.054 0.502 36.730 0.000 63.225 
25 / 25 .  0.192 1.088 5.136 14.258 0.111 0.399 1.103 1.923 0.062 0.697 38.419 0.000 63.388 
25 / 26 .  0.081 0.960 3.364 10.075 0.039 0.794 0.714 0.422 0.059 0.557 42.180 0.011 59.256 
25 / 27 .  0.035 0.940 3.070 6.639 0.036 0.859 0.642 0.364 0.055 0.313 43.794 0.000 56.748 
25 / 28 .  0.068 0.980 4.549 13.766 0.091 0.712 1.093 0.891 0.068 0.544 39.226 0.000 61.988 
25 / 29 .  0.140 1.179 6.828 20.104 0.306 0.450 1.578 1.628 0.082 0.872 33.568 0.000 66.733 
25 / 30 .  0.042 0.967 4.077 11.108 0.052 0.846 0.944 0.375 0.060 0.297 40.541 0.000 59.310 
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3469 Traverse Analysis – 20µm defocused beam 
DataSet/Point Na2O MgO Al2O3 SiO2 TiO2 MnO FeO P2O5 SO2 K2O CaO BaO Total 
38 / 1 .  0.106 2.761 3.133 15.802 0.150 0.093 0.955 0.101 0.108 0.490 39.234 0.000 62.934 
38 / 2 .  0.261 2.499 2.848 6.605 0.082 0.124 1.734 1.333 0.128 0.448 43.609 0.000 59.670 
38 / 3 .  0.060 3.044 3.314 8.399 0.062 0.152 1.663 0.171 0.066 0.408 42.072 0.000 59.412 
38 / 4 .  0.184 3.482 0.090 0.025 0.007 0.037 0.027 0.059 0.139 0.001 49.283 0.018 53.352 
38 / 5 .  0.182 3.377 0.728 2.397 0.036 0.048 0.441 0.041 0.110 0.162 47.612 0.000 55.134 
38 / 6 .  0.310 2.291 2.951 17.435 0.130 0.112 3.332 0.239 0.147 0.508 37.406 0.010 64.871 
38 / 7 .  0.123 3.128 2.325 7.730 0.151 0.062 1.484 0.989 0.079 0.323 42.366 0.000 58.759 
38 / 8 .  0.189 3.488 1.094 2.832 0.030 0.041 0.246 0.121 0.067 0.172 47.194 0.000 55.474 
38 / 9 .  0.275 1.555 0.434 0.015 0.021 0.012 0.008 0.027 0.029 0.003 51.837 0.000 54.217 
38 / 10 .  0.489 2.624 4.509 11.666 0.079 0.055 0.515 0.503 0.105 1.172 40.421 0.006 62.144 
38 / 11 .  0.145 3.579 1.151 3.392 0.023 0.021 0.248 0.208 0.103 0.518 46.697 0.011 56.097 
38 / 12 .  0.174 3.414 0.447 0.870 0.000 0.044 0.350 0.086 0.130 0.036 48.309 0.000 53.860 
38 / 13 .  0.297 0.076 0.057 0.000 0.000 0.022 0.043 0.074 0.034 0.000 52.853 0.070 53.523 
38 / 14 .  0.131 3.040 1.086 10.811 0.026 0.045 0.413 0.314 0.093 0.165 43.852 0.010 59.984 
38 / 15 .  0.392 1.156 0.150 0.004 0.031 0.040 0.019 0.035 0.090 0.012 51.552 0.000 53.480 
38 / 16 .  0.127 3.264 2.620 5.244 0.079 0.039 0.543 0.080 0.094 0.273 44.074 0.000 56.437 
38 / 17 .  0.135 3.535 1.173 5.790 0.082 0.058 0.500 0.223 0.021 0.202 45.271 0.000 56.988 
38 / 18 .  0.084 2.713 3.137 21.177 0.092 0.079 0.860 0.089 0.042 0.561 37.325 0.000 66.159 
38 / 19 .  0.163 2.828 0.646 2.242 0.058 0.069 2.473 0.073 0.077 0.092 46.742 0.000 55.462 
38 / 20 .  0.270 2.287 4.578 14.289 0.085 0.144 1.542 1.935 0.084 0.632 38.679 0.018 64.542 
38 / 21 .  0.167 3.402 1.689 4.366 0.121 0.056 0.471 0.186 0.089 0.238 45.606 0.000 56.390 
38 / 22 .  0.118 3.593 0.763 1.887 0.000 0.045 0.205 0.068 0.156 0.141 47.942 0.001 54.918 
38 / 23 .  0.048 3.210 0.022 0.003 0.016 0.006 0.000 0.053 0.036 0.000 50.641 0.000 54.034 
38 / 24 .  0.419 2.802 5.704 14.337 0.218 0.090 2.653 0.599 0.072 1.040 36.373 0.000 64.308 
38 / 25 .  0.165 3.209 2.124 7.369 0.079 0.064 0.857 0.183 0.059 0.276 42.701 0.000 57.087 
38 / 26 .  0.082 1.353 0.827 1.799 0.000 0.000 0.317 0.017 0.038 0.079 21.323 0.000 25.835 
38 / 27 .  0.070 0.854 4.787 13.452 0.132 0.686 3.669 0.134 0.150 0.849 36.924 0.000 61.705 
38 / 28 .  0.023 0.822 2.333 7.431 0.048 0.727 2.873 0.082 0.169 0.331 43.395 0.004 58.238 
38 / 29 .  0.020 0.769 0.702 2.001 0.032 0.962 2.870 0.110 0.206 0.110 46.146 0.005 53.934 
38 / 30 .  0.192 2.655 1.555 2.229 0.025 0.096 0.506 0.081 0.274 0.218 44.580 0.013 52.426 
38 / 31 .  0.134 3.385 1.343 5.041 0.027 0.077 1.064 0.076 0.109 0.287 44.922 0.000 56.466 
38 / 32 .  0.176 3.463 0.089 0.178 0.003 0.030 0.065 0.044 0.049 0.015 49.518 0.011 53.641 
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38 / 33 .  0.195 3.469 1.249 2.922 0.035 0.016 0.374 0.172 0.060 0.211 46.531 0.018 55.252 
38 / 34 .  0.174 2.555 3.198 14.547 0.238 0.095 0.902 0.429 0.062 0.697 38.252 0.000 61.148 
38 / 35 .  0.111 3.451 0.713 2.718 0.032 0.076 0.298 0.159 0.047 0.108 47.273 0.000 54.987 
38 / 36 .  0.125 3.510 0.074 0.103 0.000 0.043 0.045 0.148 0.082 0.012 49.426 0.000 53.569 
38 / 37 .  0.096 3.482 0.864 2.178 0.037 0.019 0.410 0.065 0.054 0.105 47.068 0.006 54.384 
38 / 38 .  0.177 3.432 0.017 0.015 0.015 0.049 0.018 0.095 0.047 0.000 49.579 0.000 53.444 
38 / 39 .  0.085 2.983 1.616 3.616 0.083 0.100 0.624 0.273 0.075 0.299 45.890 0.000 55.642 
38 / 40 .  0.129 3.531 0.152 0.275 0.008 0.028 0.055 0.171 0.053 0.011 48.962 0.002 53.377 
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3386 Traverse Analysis – 20µm defocused beam 
DataSet/Point Na2O MgO Al2O3 SiO2 TiO2 MnO FeO P2O5 SO2 K2O CaO BaO Total 
51 / 1 .  0.084 1.134 2.649 6.624 0.589 0.070 1.276 0.089 0.022 0.419 46.264 0.000 59.218 
51 / 2 .  0.011 0.383 0.197 0.019 0.000 0.208 1.697 0.063 0.000 0.005 51.100 0.000 53.685 
51 / 3 .  0.024 0.431 2.056 2.809 0.008 0.161 1.656 0.062 0.000 0.078 48.588 0.006 55.878 
51 / 4 .  0.607 0.787 12.397 28.889 0.136 0.081 2.339 0.137 0.035 1.495 22.811 0.010 69.723 
51 / 5 .  0.000 0.489 2.400 4.791 0.036 0.154 1.719 0.066 0.012 0.106 46.812 0.000 56.585 
51 / 6 .  0.020 1.341 0.214 0.007 0.013 0.005 0.149 0.021 0.000 0.007 52.682 0.004 54.463 
51 / 7 .  0.052 0.728 0.582 2.079 0.030 0.097 0.812 0.379 0.029 0.065 50.805 0.012 55.670 
51 / 8 .  0.140 1.279 1.406 3.884 0.065 0.059 0.648 0.039 0.049 0.193 48.234 0.013 56.010 
51 / 9 .  0.020 0.376 0.038 0.011 0.005 0.172 1.580 0.065 0.011 0.008 51.505 0.000 53.790 
51 / 10 .  0.034 0.302 2.087 3.872 0.036 0.713 1.712 0.043 0.019 0.173 47.607 0.008 56.607 
51 / 11 .  0.147 0.658 4.332 9.764 0.147 0.087 1.914 0.079 0.013 0.382 39.543 0.002 57.066 
51 / 12 .  0.076 0.471 1.908 5.007 0.031 0.252 1.886 0.058 0.015 0.135 47.655 0.015 57.511 
51 / 13 .  0.435 0.353 2.951 6.251 0.011 0.311 1.547 0.049 0.005 0.268 46.357 0.022 58.561 
51 / 14 .  0.032 0.461 3.043 7.894 0.105 0.276 1.971 0.047 0.017 0.227 45.299 0.004 59.376 
51 / 15 .  0.070 0.737 1.771 6.816 0.060 0.123 1.375 0.109 0.000 0.390 47.401 0.000 58.851 
51 / 16 .  0.542 0.961 3.596 8.518 0.030 0.086 1.116 6.036 0.042 0.635 44.729 0.072 66.362 
51 / 17 .  0.087 1.246 3.003 5.473 0.077 0.102 1.404 0.098 0.073 0.471 45.051 0.004 57.090 
51 / 18 .  0.027 0.848 1.676 3.305 0.017 0.415 1.073 0.052 0.043 0.088 40.089 0.002 47.635 
51 / 19 .  0.076 0.824 1.248 4.544 0.059 0.082 1.371 0.146 0.032 0.173 47.180 0.000 55.734 
51 / 20 .  0.000 0.371 5.034 7.847 0.013 0.443 1.451 0.035 0.028 0.117 43.490 0.014 58.844 
51 / 21 .  0.107 0.591 6.119 18.887 0.088 0.485 2.090 0.020 0.017 0.391 36.875 0.025 65.695 
51 / 22 .  0.363 1.120 4.991 13.212 0.118 0.084 1.610 0.038 0.032 0.572 40.908 0.019 63.067 
51 / 23 .  0.081 1.429 10.345 38.041 0.355 0.085 3.051 0.198 0.022 1.006 19.381 0.000 73.995 
51 / 24 .  0.160 1.390 6.524 12.944 0.297 0.071 2.082 0.110 0.034 0.658 39.163 0.000 63.432 
51 / 25 .  0.142 1.095 5.530 12.613 0.133 0.087 1.962 0.092 0.032 0.582 40.513 0.000 62.780 
51 / 26 .  0.126 0.797 5.413 14.180 0.092 0.173 2.756 0.054 0.049 0.636 36.673 0.000 60.949 
51 / 27 .  0.177 1.011 1.002 3.202 0.042 0.087 0.846 0.746 0.043 0.095 49.532 0.007 56.792 
51 / 28 .  0.055 1.144 3.023 10.094 0.113 0.086 1.432 0.522 0.021 0.366 44.000 0.017 60.873 
51 / 29 .  0.039 0.890 1.433 6.403 0.032 0.088 0.869 0.096 0.051 0.174 47.635 0.001 57.711 
51 / 30 .  0.139 1.645 2.581 6.107 0.116 0.079 2.376 0.079 0.087 0.299 44.537 0.000 58.047 
51 / 31 .  0.040 0.627 0.596 1.202 0.021 0.096 1.174 0.291 0.023 0.049 50.610 0.000 54.728 
51 / 32 .  0.172 0.447 4.130 9.776 0.035 0.271 1.825 0.048 0.025 0.853 43.431 0.021 61.034 
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51 / 33 .  0.113 0.955 5.023 8.381 0.091 0.075 1.535 0.483 0.036 0.677 43.534 0.000 60.903 
51 / 34 .  0.070 0.704 8.464 40.927 0.124 0.042 1.530 0.098 0.111 1.171 23.102 0.000 76.342 
51 / 35 .  0.127 0.811 4.766 10.076 0.114 0.127 2.023 0.106 0.014 0.553 40.513 0.000 59.231 
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APPENDIX II 
AMNH 3419 
43.78833, -102.85532 
Baculites compressus Zone 
D = 20   H = 2.237  J = 0.315   S = 2.823 
 
ORGANISM        COUNT 
Anisomyn borealis 2 
Baculites compressus 124 
bryozoan 2 
Cylindrotruncatum demersum 15 
Didymocerous cheyennense 5 
Drepanochilus nebrascensis 43 
Ellipsoscapha subcylindrica 29 
Escarpia sp. 24 
  
Euspira obliquata 16 
Hemiaster humphreyiana 12 
Hoplitocarcinus punctatus 5 
Inoceramus sagensis 242 
Lakotacrinus brezini 21 
microbial mat 7 
Nymphalucina subundata 235 
Oligoptycha concinna 29 
Agerostrea falcata 59 
Pecten nebrascensis 7 
Plagiophthalmus bjorki 17 
sponge 300 
TOTAL 1192 
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AMNH 3456 
43.73333, -102.82585 
Baculites compressus Zone  
D = 14  H = 1.682 S = 2.182 J = 0.282 
ORGANISM    COUNT 
Baculites compressus 25 
Drepanochilus nebrascensis 1 
Hemiaster humphreyiana 1 
Hoplitocarcinus punctatus 1 
Hoploscaphites brevis 1 
Inoceramus sagensis  48 
Lakotacrinus brezini 6 
microbial mat 6 
Nymphalucina subundata 80 
Oligoptycha concinna 2 
Agerostrea falcata 29 
Placenticeras interclare 1 
scaphopod (species) 16 
sponge 170 
TOTAL 387 
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AMNH 3457 
43.73335, -102.82380 
Baculites compressus Zone 
D = 11  H= 1.867  S = 2.423 J = 0.452 
ORAGANISM    COUNT 
Baculites compressus 13 
Drepanochilus nebrascensis 1 
Euspira obliquata 1 
Hoploscaphites brevis 1 
Hoploscaphites nodosus 3 
Inoceramus sagensis  7 
 Laktocrinus brezini 2 
Nymphalucina subundata 23 
Agerostrea falcata 2 
Placenticeras interclare 2 
sponge 7 
TOTAL 62 
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AMNH 3488 
43.906389, -102.77667 
Baculites compressus Zone 
D = 11  H = 1.507  S = 1.763 J = 0.265 
ORGANISM    COUNT 
Baculites compressus 12 
Clisoculus moreauensis 1 
Cylindrotruncatum demersum 1 
Hemiaster humphreyiana 3 
Hoplitocarcinus punctatus 1 
Inoceramus sagensis 72 
Lakotacrinus brezini 11 
Nymphalucina subundata 33 
Oligoptycha concinna 12 
Agerostrea falcata 5 
sponge 140 
TOTAL 291 
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AMNH 3490 
43.96416, -102.78788 
Baculites compressus Zone 
D = 20   H = 2.272  S = 3.228 J = 0.366 
ORGANISM     COUNT 
Anisomyon borealis 3 
Bacculites compressus 82 
Clisoculus moreauensis 2 
Drepanochilus nebrascensis 18 
Euspira obliquata 9 
Hoplitocarcinus punctatus 1 
Hoploscaphites brevis 22 
Hoploscaphites nodosus 12 
Inoceramus altus 40 
Inoceramus sagensis 50 
Lakotacrinus brezini 5 
Nymphalucina subundata 138 
Oligoptycha concinna 25 
Agerostrea falcata 22 
Placenicteras intercalare 5 
Plagiophthalmus bjorki 2 
sponge 45 
Hemiaster humphreyiana 1 
Pteria linguiformis 3 
Solenoceras  sp. 6 
TOTAL 491 
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AMNH 3491 
43.9011, -102.76805 
Baculites compressus Zone 
D = 12  H = 2.148  S = 2.673  J = 0.190 
ORGANISM    COUNT  
Bacculites compressus 16 
Bryozoan 2 
Drepanochilus nebrascensis 1 
Ellipsoscapha subcylindrica 1 
Eutrephoceras dekayi 3 
Hoploscaphites brevis 3 
Inoceramus altus 24 
Nymphalucina subundata 14 
Agerostrea falcata 15 
Placenicteras intercalare 2 
Scaphopod 3 
Sponge 5 
TOTAL 89 
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AMNH 3492 
43.9011, -102.77638 
Baculites compressus Zone 
D = 18  H = 2.184  S = 2.988  J = 0.193 
ORGANISM    COUNT 
Baculites compressus 70 
Bryozoan 5 
Drepanochilus nebrascensis 4 
Drephanochilus  triliratus 1 
Hemiaster humphreyiana 2 
Hoploscaphites brevis 3 
Hoploscaphites nodosus 7 
Inoceramus altus 20 
Inoceramus sagensis 21 
Lakotacrinus brezini 3 
Nymphalucina subundata 65 
Oligoptycha concinna 25 
Agerostrea falcata 5 
Solenoceras  sp. 3 
Placenticeras interclare 16 
Pteria linguiformis 4 
scaphopod 2 
sponge 40 
TOTAL 296 
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AMNH 3503 
43.69194, -102.9775 
Baculites compressus Zone 
D = 14  H= 1.538   S = 2.483 J = 0.272 
ORGANISM    COUNT 
Baculites  compressus 50 
Clisoculus moreauensis 2 
Drepanochilus nebrascensis 5 
Hemiaster humphreyiana 1 
Hoploscaphites brevis 8 
Hoploscaphites nodosus 2 
Inoceramus altus  10 
Inoceramus sagensis  13 
Nymphalucina subundata 148 
Oligoptycha concinna 1 
Agerostrea falcata 4 
Placenticeras interclare 2 
scaphopod (species) 2 
sponge 33 
TOTAL 281 
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AMNH 3504  
43.6933, - 102.9766 
Baculites compressus Zone 
D = 11  H = 1.717  S = 2.063  J = 0.343 
ORGANISM    COUNT 
Baculites compressus 51 
Euspira obliquata 2 
Hoploscaphites brevis 8 
Hoploscaphites nodosus 8 
Inoceramus altus 20 
Inoceramus sagensis  38 
Nymphalucina subundata 71 
Agerostrea falcata 3 
Placenicteras intercalare 3 
Protocardia subquadrata 1 
Sponge 2 
TOTAL 207 
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AMNH 3418  
43.78825, -102.88877 
Didymoceras cheyennense Zone 
D = 17  H = 1.893  S = 2.379  J = 0.3 
ORGANISM    COUNT 
Anisomyon borealis 2 
Baculites compressus 60 
Baculites corrugatus 120 
Didymoceras cheyennense 6 
Drepanochilus nebranscensis 4 
Escarpia sp. 11 
Euspria obliquata 5 
Hoploscaphites brevis 16 
Hoploscaphites nodosus 17 
Inoceramus altus 106 
Inoceramus nebrascensis 60 
Nymphalucina occidentalis 118 
Agerostrea falcata 2 
Oxybelaceras sp. 2 
Placenicteras intercalare 5 
Plagiophthalmus bjorki 2 
Sponge 12 
TOTAL 548 
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AMNH 3420 
43.7685833, -102.8573 
Didymoceras cheyennense  
D = 20  H = 2.024 S = 3.013 J = 0.363 
ORGANISM    COUNT 
Anisomyon borealis 2 
Baculites compressus 42 
Bryozoan 2 
Didymoceras cheyennense 8 
Drepanochilus nebrascensis 5 
Hemiaster humphreyiana 7 
Euspira obliquata 9 
Hoploscaphites brevis 5 
Inoceramus sagensis  116 
Lakotacrinus brezini 34 
microbial mat 2 
Nymphalucina occidentalis 131 
Oligoptycha concinna 6 
Agerostrea falcata 32 
Placenticteras intercalare 9 
Plagiophthalmus bjorki 3 
Protocardia subquadrata 2 
Pteria linguiformis 22 
scaphopod (species) 17 
sponge 300 
TOTAL 464 
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AMNH 3462 
43.89495, -102.72728 
Didymoceras cheyennense Zone 
D = 18  H = 2.193  S = 2.994  J = 0.364 
ORGANISM    COUNT 
Anisomyon borealis 1 
Baculites corrugatus 111 
Drepanochilus nebrascensis 20 
Drepanochilus triliratus 1 
Ellipsoscapha subcylindrica 1 
Hoploscaphites brevis 11 
Hoploscaphites nodosus 10 
Inoceramus altus 26 
Inoceramus nebrascensis 30 
Lakotacrinus brezini 3 
Limopsis parvuia 1 
Nymphalucina occidentalis 82 
Oligoptycha concinna 21 
Agerostrea falcata 7 
Placenicteras intercalare 6 
Pteria linguiformis 1 
scaphopod 1 
sponge 75 
TOTAL 404 
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AMNH 3463 
43.90756, -102.72672 
Didymoceras cheyennense Zone 
D = 11  H = 1.618  S = 1.783  J = 0.288 
ORGANISM    COUNT 
Baculites corrugatus 89 
Clisoculus moreauensis 2 
Drepanochilus nebrascensis 2 
Hoploscaphites brevis 3 
Hoploscaphites nodosus 5 
Inoceramus altus 13 
Inceramus nebrascensis 10 
Nymphalucinid occidentalis 64 
Oligoptycha concinna 3 
Agerostrea falcata 6 
Placenticeras interclare 1 
sponge 75 
TOTAL 263 
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AMNH 3464 
43.90911, -102.72598 
Didymoceras cheyennense Zone  
D = 18  H = 1.659  S = 2.739  J = 0.284 
ORGANISM    COUNT 
Baculites corrugatus 38 
Clisoculus moreauensis 4 
Didymoceras cheyennense 3 
Drepanochilus nebrascensis 18 
Drephanochilus  triliratus 14 
Eutrephoceras dekayi 1 
Hoploscaphites brevis 6 
Hoploscaphites nodosus 6 
Inoceramus altus 12 
Inoceramus nebrascensis 8 
Laktocrinus brezini 3 
Nymphalucinid occidentalis 200 
Oligoptycha concinna 5 
Agerostrea falcata 7 
Plagiophthalmus bjorki 1 
Pteria linguiformis 1 
scaphopod 9 
sponge 8 
TOTAL 336 
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AMNH 3465  
43.912222, -102.78278 
Didymoceras cheyennense Zone 
D = 19  H = 1.685  S = 3.349  J = 0.313 
ORGANISM    COUNT 
Baculites corrugatus 14 
bryozoan 3 
Clisoculus moreauensis 1 
Cylindrotruncatum demersum 1 
Didymoceras cheyennense 4 
Hoploscaphites brevis 3 
Hoploscaphites nodosus 5 
Inoceramus nebrascensis 28 
Laktocrinus brezini 3 
microbial mat 2 
Nymphalucinid occidentalis 18 
Oligoptycha concinna 1 
Agerostrea falcata 1 
Placenticeras interclare 2 
Placenticeras meeki 2 
Pteria linguiformis 1 
scaphopod 2 
sponge 121 
wood fragments 4 
TOTAL 216 
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AMNH 3466 
43.90036, -102.71118 
Didymoceras cheyennense Zone 
D = 18  H = 2.053 S = 2.942  J = 0.377 
ORGANISM    COUNT 
Baculites corrugatus 40 
Clisoculus moreauensis 3 
Drepanochilus nebrascensis 11 
Drephanochilus  triliratus 1 
Ellipsoscapha subcylindrica 1 
Euspira obliquata 3 
Gyrodes alveata 8 
Hoploscaphites brevis 4 
Hoploscaphites nodosus 4 
Inoceramus altus 18 
Inoceramus nebranscensis 20 
Laktocrinus brezini 1 
Nymphalucinid occidentalis 60 
Oligoptycha concinna 2 
Agerostrea falcata 4 
Placenicteras intercalare 1 
Pteria linguiformis 3 
sponge 46 
TOTAL 210 
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AMNH 3467 
43.90642, -102.7741 
Didymoceras cheyennense Zone 
D = 18  H = 2.088  S = 3.174  J = 0.389 
ORGANISM    COUNT 
Anisomyon borealis 3 
Baculites corrugatus 53 
Clisoculus moreauensis 1 
Didymoceras cheyennense 1 
Drepanochilus nebrascensis 7 
Eutrephoceras dekayi 1 
Hoploscaphites brevis 7 
Hoploscaphites nodosus 1 
Inoceramus altus 20 
Inoceramus nebranscensis 18 
Limopsis parvuia 2 
Nymphalucina occidentalis 70 
Oligoptycha concinna 5 
Agerostrea falcata 1 
Placenicteras intercalare 6 
Pteria linguiformis 4 
scaphopod 3 
sponge 9 
TOTAL 212 
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AMNH 3468 
43.9069, -102.78293 
Didymoceras cheyennense Zone 
D = 4   H = 0.943  S = 0.89  J = 0.28 
ORGANISM    COUNT 
Baculites compressus 1 
Baculites corrugatus 1 
Inoceramus altus 13 
Nymphalucina occidentalis 14 
TOTAL 29 
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AMNH 3469 
43.903083, -102.78456 
Didymoceras cheyennense Zone 
D = 10  H = 0.876  S = 1.862  J = 0.163 
ORGANISM    COUNT 
Baculites corrugatus 18 
Bryozoan 1 
Clisoculus moreauensis 4 
Drepanochilus nebrascensis 5 
Ellipsoscapha subcylindrica 2 
Hoploscaphites brevis 2 
Inoceramus altus 2 
Nymphalucina occidentalis 174 
Agerostrea falcata 5 
sponge 2 
TOTAL 215 
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AMNH 3489 
43.87963, -102.85818 
Didymoceras cheyennense Zone 
D = 13  H = 1.404  S = 2.195  J = 0.294 
ORGANISM    COUNT 
Anisomyn borealis 1 
Baculites corrugatus 22 
Didymoceras cheyennense 1 
Drepanochilus nebrascensis 1 
Hoploscaphites brevis 4 
Hoploscaphites nodosus 4 
Inoceramus nebranscensis 11 
Inocermus altus 10 
Nymphalucina occidentalis 147 
Oligoptycha concinna 1 
Agerostrea falcata 5 
Pteria linguiformis 3 
Sponge 27 
TOTAL 237 
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AMNH 3440 
44.837266, -103.37646 
Didymoceras nebrascense Zone  
D = 21  H = 1.922  S = 3.036  J = 0.278 
ORGANISM    COUNT 
Anisomyn borealis 1 
Baculites psuedovatus 81 
Bryozoan 7 
Cylindrotruncatum dermersum 1 
Didymoceras nebransence 108 
Drepanochilus nebrascensis 24 
Euspira obliquata 14 
fishbone (unidentified) 1 
Hemiaster humphreyiana 2 
Hoploscaphites gilbert 40 
Hoploscaphites gilli 56 
Inoceramus sagensis  34 
Nymphalucina occidentalis 509 
Oligoptycha concinna 3 
Agerostrea falcata 15 
Solenoceras  sp. 58 
Plagiophthalmus bjorki 4 
Pteria linguiformis 8 
scaphopod (species) 16 
sponge 16 
Synclonema halli (pecten) 12 
TOTAL 1010 
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AMNH 3343 
XXX, -XXX 
Didymoceras nebranscense Zone 
D = 4   H = 0.276  S= 0.609  J = 0.21 
ORGANISM    COUNT 
Baculites psuedovatus 1 
Didymoceras nebranscense 3 
Inoceramus pierrensis 1 
Nymphalucina occidentalis 132 
TOTAL 137 
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AMNH 3344 
XXX, -XXX 
Didymoceras nebranscense Zone 
D = 4  H = 0.55  S = 0.732  J = 0.287 
ORGANISM    COUNT 
Baculties pseudovatus 1 
Hoploscaphites gilli 6 
Inoceramus pierrensis  2 
Nymphalucina occidentalis 51 
TOTAL 60 
 
  
Paleoecology of Late Cretaceous methane cold-seeps of the Pierre Shale, South Dakota  
 
189 
 
AMNH 3386 
44.74633, -103.2963 
Baculites scotti Zone 
D = 13  H = 1.879  S = 2.33  J = 0.312 
ORGANISM    COUNT  
Baculites scotti 111 
Bryozoan 5 
Drepanochilus nebrascensis 3 
Euspira obliquata 6 
Hoploscaphites gilbert 22 
Hoploscaphites gilli 53 
Inoceramus pierrensis 55 
microbial mat 1 
Nymphalucina occidentalis 152 
Oligoptycha concinna 5 
Agerostrea falcata 6 
Oxybelaceras sp. 1 
Pteria linguiformis 2 
scaphopod 7 
TOTAL 296 
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3419 Baculites compressus 
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3420 Baculites compressus 
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3456 Baculites compressus 
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3457 Baculites compressus 
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3488 Baculites compressus 
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3490 Baculites compressus 
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3491 Baculites compressus 
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3492 Baculites compressus 
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3503 Baculites compressus 
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3504 Baculites compressus 
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3418 Didymoceras cheyennense  
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3462 Didymoceras cheyennense 
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3463 Didymoceras cheyennense 
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3464 Didymoceras cheyennense 
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3465 Didymoceras cheyennense 
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3467 Didymoceras cheyennense 
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3468 Didymoceras cheyennense 
 
 
  
3.45% 3.45% 
44.83% 
48.28% 
0.00% 
10.00% 
20.00% 
30.00% 
40.00% 
50.00% 
60.00% 
Baculites compressus Baculites corrugatus Inoceramus sagensis Nymphalucina occidentalis 
Paleoecology of Late Cretaceous methane cold-seeps of the Pierre Shale, South Dakota  
 
208 
 
3469 Didymoceras cheyennense 
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3440 Didymoceras nebrascense 
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3343 Didymoceras nebranscence 
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3344 Didymoceras nebranscence 
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3386 Baculites scotti  
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APPENDIX III 
Linear regression results 
Faunal Stage Flow variable  
 
Variables Entered/Removedb 
Model Variables Entered 
Variables 
Removed Method 
1 Fa . Enter 
a. All requested variables entered. 
b. Dependent Variable: FS 
 
 
 
Model Summary 
Model R R Square 
Adjusted R 
Square 
Std. Error of the 
Estimate 
1 .010a .000 -.043 1.261 
a. Predictors: (Constant), F 
 
 
 
Coefficientsa 
Model 
Unstandardized Coefficients 
Standardized 
Coefficients 
t Sig. B Std. Error Beta 
1 (Constant) 2.743 .422  6.493 .000 
F .016 .326 .010 .049 .961 
a. Dependent Variable: FS 
 
ANOVAb 
Model Sum of Squares df Mean Square F Sig. 
1 Regression .004 1 .004 .002 .961a 
Residual 36.556 23 1.589   
Total 36.560 24    
a. Predictors: (Constant), F 
b. Dependent Variable: FS 
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Biology Variable 
 
Variables Entered/Removedb 
Model Variables Entered 
Variables 
Removed Method 
1 Ba . Enter 
a. All requested variables entered. 
b. Dependent Variable: FS 
 
 
 
Model Summary 
Model R R Square 
Adjusted R 
Square 
Std. Error of the 
Estimate 
1 .491a .241 .208 1.099 
a. Predictors: (Constant), B 
 
 
 
Coefficientsa 
Model 
Unstandardized Coefficients 
Standardized 
Coefficients 
t Sig. B Std. Error Beta 
1 (Constant) 3.625 .388  9.333 .000 
B -1.272 .471 -.491 -2.701 .013 
a. Dependent Variable: FS 
 
 
 
ANOVAb 
Model Sum of Squares df Mean Square F Sig. 
1 Regression 8.803 1 8.803 7.294 .013a 
Residual 27.757 23 1.207   
Total 36.560 24    
a. Predictors: (Constant), B 
b. Dependent Variable: FS 
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Sulfur variable 
 
Variables Entered/Removedb 
Model Variables Entered 
Variables 
Removed Method 
1 Sa . Enter 
a. All requested variables entered. 
b. Dependent Variable: FS 
 
 
Model Summary 
Model R R Square 
Adjusted R 
Square 
Std. Error of the 
Estimate 
1 .041a .002 -.042 1.260 
a. Predictors: (Constant), S 
 
 
 
Coefficientsa 
Model 
Unstandardized Coefficients 
Standardized 
Coefficients 
t Sig. B Std. Error Beta 
1 (Constant) 3.000 1.260  2.381 .026 
S -.250 1.286 -.041 -.194 .848 
a. Dependent Variable: FS 
 
 
 
ANOVAb 
Model Sum of Squares df Mean Square F Sig. 
1 Regression .060 1 .060 .038 .848a 
Residual 36.500 23 1.587   
Total 36.560 24    
a. Predictors: (Constant), S 
b. Dependent Variable: FS 
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Flow-Bio Variable 
 
Variables Entered/Removedb 
Model Variables Entered 
Variables 
Removed Method 
1 B, Fa . Enter 
a. All requested variables entered. 
b. Dependent Variable: FS 
 
 
 
Model Summary 
Model R R Square 
Adjusted R 
Square 
Std. Error of the 
Estimate 
1 .511a .261 .194 1.108 
a. Predictors: (Constant), B, F 
 
 
 
Coefficientsa 
Model 
Unstandardized Coefficients 
Standardized 
Coefficients 
t Sig. B Std. Error Beta 
1 (Constant) 3.454 .451  7.665 .000 
F .228 .297 .146 .770 .449 
B -1.369 .492 -.528 -2.785 .011 
a. Dependent Variable: FS 
 
 
ANOVAb 
Model Sum of Squares df Mean Square F Sig. 
1 Regression 9.532 2 4.766 3.879 .036a 
Residual 27.028 22 1.229   
Total 36.560 24    
a. Predictors: (Constant), B, F 
b. Dependent Variable: FS 
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Flow- Sulfur variable 
 
Variables Entered/Removedb 
Model Variables Entered 
Variables 
Removed Method 
1 S, Fa . Enter 
a. All requested variables entered. 
b. Dependent Variable: FS 
 
 
 
Model Summary 
Model R R Square 
Adjusted R 
Square 
Std. Error of the 
Estimate 
1 .042a .002 -.089 1.288 
a. Predictors: (Constant), S, F 
 
 
 
Coefficientsa 
Model 
Unstandardized Coefficients 
Standardized 
Coefficients 
t Sig. B Std. Error Beta 
1 (Constant) 2.983 1.330  2.243 .035 
F .017 .333 .011 .050 .960 
S -.251 1.315 -.041 -.191 .851 
a. Dependent Variable: FS 
 
 
ANOVAb 
Model Sum of Squares df Mean Square F Sig. 
1 Regression .064 2 .032 .019 .981a 
Residual 36.496 22 1.659   
Total 36.560 24    
a. Predictors: (Constant), S, F 
b. Dependent Variable: FS 
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Bio-Sulfur variable 
 
Variables Entered/Removedb 
Model Variables Entered 
Variables 
Removed Method 
1 B, Sa . Enter 
a. All requested variables entered. 
b. Dependent Variable: FS 
 
 
 
Model Summary 
Model R R Square 
Adjusted R 
Square 
Std. Error of the 
Estimate 
1 .503a .253 .185 1.114 
a. Predictors: (Constant), B, S 
 
 
 
Coefficientsa 
Model 
Unstandardized Coefficients 
Standardized 
Coefficients 
t Sig. B Std. Error Beta 
1 (Constant) 4.312 1.214  3.552 .002 
S -.687 1.149 -.111 -.599 .556 
B -1.313 .482 -.506 -2.720 .012 
a. Dependent Variable: FS 
 
 
 
ANOVAb 
Model Sum of Squares df Mean Square F Sig. 
1 Regression 9.248 2 4.624 3.724 .040a 
Residual 27.313 22 1.241   
Total 36.560 24    
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Flow-Sulfur-Bio Variable 
 
Variables Entered/Removedb 
Model Variables Entered 
Variables 
Removed Method 
1 F, S, Ba . Enter 
a. All requested variables entered. 
b. Dependent Variable: FS 
 
 
 
Model Summary 
Model R R Square 
Adjusted R 
Square 
Std. Error of the 
Estimate 
1 .524a .274 .171 1.124 
a. Predictors: (Constant), F, S, B 
 
 
 
Coefficientsa 
Model 
Unstandardized Coefficients 
Standardized 
Coefficients 
t Sig. B Std. Error Beta 
1 (Constant) 4.179 1.236  3.380 .003 
S -.732 1.160 -.119 -.631 .535 
B -1.416 .504 -.546 -2.810 .011 
F .238 .301 .152 .789 .439 
a. Dependent Variable: FS 
 
 
ANOVAb 
Model Sum of Squares df Mean Square F Sig. 
1 Regression 10.035 3 3.345 2.648 .075a 
Residual 26.525 21 1.263   
Total 36.560 24    
a. Predictors: (Constant), F, S, B 
b. Dependent Variable: FS 
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Scaled S 
 
Variables Entered/Removedb 
Model Variables Entered 
Variables 
Removed Method 
1 scaled Sa . Enter 
a. All requested variables entered. 
b. Dependent Variable: FS 
 
 
Model Summary 
Model R R Square 
Adjusted R 
Square 
Std. Error of the 
Estimate 
1 .057a .003 -.040 1.259 
a. Predictors: (Constant), scaled S 
 
 
 
Coefficientsa 
Model 
Unstandardized Coefficients 
Standardized 
Coefficients 
t Sig. B Std. Error Beta 
1 (Constant) 2.891 .539  5.363 .000 
scaled S -.070 .254 -.057 -.275 .786 
a. Dependent Variable: FS 
 
 
 
ANOVAb 
Model Sum of Squares df Mean Square F Sig. 
1 Regression .120 1 .120 .076 .786a 
Residual 36.440 23 1.584   
Total 36.560 24    
a. Predictors: (Constant), scaled S 
b. Dependent Variable: FS 
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